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A bstract

ANTAGONISTS OF SPONTANEOUS DISCHARGE 

IN THE DESHEATHED FROG NERVE  

by

Elaine Gallin 

A dviser: P ro fe sso r Evelyn Handler

These investigations examined the effects of selective antagonists 

of calcium deficient spontaneous d ischarge on the desheathed frog  scia tic  

n e rv e . S elective antagonists a re  agents which abolish spontaneous d is­

charge a t a  time when the evoked spike is  unaffected. Compounds which 

dep ress both spontaneous d ischarge  and the action potential a re  nonse- 

lective an tagonists . The effects of selective antagonists w ere studied on 

the following param eters: spontaneous d isch arg e , the action potential 

amplitude, dem arcation potentia l, Ca-45 efflux and ATP content. The 

purpose of these experim ents was to study the mechanism by which a 

nerve becomes spontaneously active thereby clarify ing the ro le  of calc i­

um in excitation . The ability  of divalent cations, hydrogen ion , te tro d o - 

toxin, and metabolic inhib ito rs to substitu te  fo r calcium was examined.

I D ivalent Cations

The divalent cations tested  antagonized spontaneous d ischarge in



the following o rd e r of effectiveness: Ca>Mn>Co>Ni>Zn7Mg, S r> B a .

Of these  cations the best antagonists of spontaneous d ischarge have ion­

ic rad ii sm aller than but most s im ilar to calcium . The best antagonists 

of spontaneous d ischarge (Mn and Co) bind more strongly to n itrogen , 

su lfu r and oxygen ligands than do the o ther ca tio n s. It is  proposed that 

the ability of a cation to antagonize spontaneous activity  is  re la ted  to its  

ability  to bind tightly to calcium binding s ite s . Demarcation potential 

m easurem ents indicate that the cations which antagonize spontaneous d is­

charge also  rep o la rize  the calcium deficient nerve suggesting a  c o r r e la ­

tion between these two p a ram ete rs . Data from Ca-45 efflux studies show 

that cations which a re  the b est calcium re le a s e rs  a re  not the best antagon­

is ts  of spontaneous d isch arg e . Strontium  and barium , com paratively poor 

an tagonists, a re  the most potent calcium re le a s e r s .  The lack of a c o rre ­

lation between these two param eters is  probably due to the difficulty in de­

tecting the frac tion  of calcium involved in  spontaneous d isch arg e . A 25 

minute exposure to calcium -free medium reduces the ATP content in the 

nerves te s ted . The decrease  in ATP is  not due solely to the depolariz­

ing action of low calcium medium since exposure to 3 mM KC1 R in g er’s 

solution (which causes a sim ilar depolarization) does not d ecrease  the 

ATP content. The addition of 1 .8  mM MnClg to calcium -free medium did 

not prevent the d ecrease  in ATP content caused by calcium deficiency.. 

S r C ^  (1.8 mM) in calcium -free solution fu rth e r reduced the ATP content 

of n e rv e s . This action may be re la ted  to the calcium re leas in g  ability  

of strontium .



II Hydrogen Ion

Experim ents perform ed to te s t  the effects of changes in hydrogen 

ion concentration on spontaneous discharge and the evoked spike indicated 

that spontaneous d ischarge was more sensitive  to low pH than was the ac­

tion potential. At a pH between 4 .5  -  5 .5  spontaneous d ischarge  is  com­

pletely abolished while the evoked spike is  only slightly affected . Antag­

onism of spontaneous d ischarge  by hydrogen ions may involve the binding 

of hydrogen to negative membrane s ite s  which normally bind calcium .

Ca-45 efflux studies indicate that pH 4 .5  does not re le a se  calcium from 

the ne rv e .

HI Tetrodotoxin and Choline Chloride R in g er1 s Solution

Tetrodotoxin (TTX) (1 CT^gm/ml) suppressed  spontaneous d ischarge 

without affecting the evoked sp ike. The antagonism of spontaneous d is­

charge by TTX is  probably due to suppression of the early  tran s ien t 

cu rren ts  n ecessa ry  fo r excitation. TTX, whose cationic form is  the 

active form , may be acting on membrane s ite s  which normally bind calci­

um. Experim ents with choline chloride R in g e r 's  solution confirmed that 

sodium ions w ere needed to c a r ry  the c u rre n t.

IV Metabolic Inhibitors

Metabolic inhib itors which selectively  antagonized spontaneous 

d ischarge w ere: 2 ,4  dinitrophenol (DNP), potassium  cyanide, m -n itro - 

phenol, sodium azide (NaAz), 1 ,5  difluoro 2 ,4  dinitrobenzene (FFDNB), 

2 ,4  dinitrofluorobenzene (FDNB), m -fluornitrobenzene (FNB). These" '
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agents ac t e ith e r through a metabolic effect o r  a  d irec t in te rac tion  with 

im portant axoplasmic o r  membrane s ite s . The findings that a ll these  

chemically d ifferent inh ib ito rs a re  effective antagonists and that th e ir  

time course  of action is  slow (25-50 minutes) a s  compared to o ther agents 

(TTX and divalent cations) indicated that they a re  not acting on membrane 

s ite s . They most likely affect metabolic pathw ays, which in tu rn  influ­

ence excitab ility . Dem arcation potential m easurem ents showed that m- 

n itrophenol, DNP and FDNB decreased  the ATP content in nerve during 

the time period that spontaneous activ ity  is  abolished.

In sum m ary, a  number of d ifferen t agents which antagonize spon­

taneous d ischarge before the evoked spike is  affected w ere studied in 

desheathed n e rv e s . The divalent cations te sted  w ere a ll capable of an­

tagonizing calcium deficient spontaneous d ischarge although some w ere 

more effective than o th e rs . A co rre la tio n  ex ists  between th e ir  ionic 

rad ii and th e ir  effectiveness as an tagonists . Spontaneous d ischarge  is  

more sensitive  to TTX and hydrogen ion concentration than the evoked 

sp ike . Experim ents with metabolic inhib ito rs indicate that th e re  may be 

a  link between metabolism and excitability  although the mechanism is  

s till  obscu re .
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INTRODUCTION

It is  a  widely accepted view that calcium plays a  m ajor ro le  in  nerve 

function. The following investigations w ere designed to le a rn  more about 

the ro le  of calcium in the excitable c e ll . High ex ternal calcium generally  

stab ilizes nerves while low calcium in c rease s  excitability  by decreasing  

the th resho ld , accomodation and membrane re s is ta n c e  often leading to spon­

taneous repe titive  d ischarge (B rink, 1954). Spontaneous activ ity  has been 

observed in  squid axons (A rvanitaki, 1939), lo b s te r  axons (Dalton, 1958) 

and frog sc ia tic  nerves (B rink , 1954). The mechanism of th is  in creased  

excitability  is  not known. The study of compounds which block calcium - 

deficient spontaneous d ischarge  would fu rth e r elucidate ca lc iu m 's  ro le  in 

conduction. T h ere fo re , agents which selectively  antagonize spontaneous 

d ischarge in the desheathed frog  scia tic  nerve a t a  time when the amplitude 

of the evoked spike is  unaffected w ere examined. The effects of divalent 

cations (Mn, Co, N i, Zn, Mg, B a, S r ) ,  tetrodotoxin (TTX), hydrogen ion 

and metabolic inh ib ito rs (2 ,4  dinitrophenol —- DNP — , az id e , cyanide, 

m -nitrophenol, 1 ,5  d ifluo ro -2 ,4  dinitrobenzene —  FFDNB —  2 ,4  d in itro - 

fluorobenzene, m -fluoraitrobenzene) w ere investigated on the following 

param eters: spontaneous d isch arg e , the amplitude of the evoked action

potentia l, the dem arcation potential , Ca-45 efflux and ATP content w ere

----------------------------------
The dem arcation potential is  a  m easurem ent of the potential grad­

ien t observed when two e lec tro d es  sire placed on d ifferen t portions of an 
iso la ted  tis su e . T hus, if one e lec trode  is  placed on a  portion of nerve 
trea ted  with a  depolarizing solution while the o ther e lec trode  is  placed



also  studied in o rd e r  to fu r th e r elucidate th e ir  mechanism of action on 

the calcium deficient n e rv e .

It has been suggested tha t calcium and hydrogen ions bind to the 

same negative membrane s ite s  (Hafemann, 1969). Experim ents w ere p e r­

formed to determ ine w hether spontaneous d ischarge was more sensitive  

to changes in hydrogen ion concentration than was the evoked spike and, 

if  s o , to find the pKa of the calcium binding s ite s  involved in  spontaneous 

d isch arg e .

TTX blocks the cu rre n t through the early  tran s ien t channel in  a  

v a rie ty  of n e rv e s . Attempts w ere made to examine w hether low concen­

tra tio n s  of TTX could block spontaneous d ischarge  without affecting the 

evoked sp ike. A difference in sensitiv ity  to TTX may indicate that dif­

fe ren t channels o r  a  few er number a re  involved in  the in itia tion  of spon­

taneous d isch arg e . N erves exposed to sodium -free choline chloride 

R inger’s solution w ere a lso  studied to examine the ro le  of sodium in 

spontaneous d isch arg e .

The ro le  of metabolism in nerve excitation is  s ti l l  o b scu re . G er­

a rd  (1932) proposed that calcium links metabolic p ro cesses  to excitation 

in  n e rv e s . The determ ination of w hether metabolic changes in itia te  an d /o r 

accompany spontaneous d ischarge  would have a  d ire c t bearing  on the ques­

tion of a  linkage between metabolism and excitation and on the possib le ro le  

of calcium . The ability  of a  va rie ty  of metabolic inh ib ito rs to selectively

on a  portion of nerve in  norm al R in g er1 s  solution a  potential difference 
can be reco rd ed . Because of sh o rt c ircu iting  between the two e lec trodes 
the dem arcation potential i s  considerably  low er than the re a l  potential 
between the two segments of n e rv e .



antagonize spontaneous d ischarge  was studied since i t  has previously- 

been rep o rted  that DNP and azide antagonize spontaneous d ischarge  (A l- 

tu ra , 1968). The effects of these agents on ATP content, dem arcation 

potential and Ca-45 efflux w ere a lso  investigated .

The frog  scia tic  nerve contains about 3 ,000 -  4 ,000 myelinated 

fib e rs  and about twice as  many nonmyelinated f ib e rs . The f ib e r  size  

ranges from 3 to 29 m icrons.

The desheathed nerve was used in these  experim ents because it 

has been shown that the sheath  ac ts  a s  a  perm eability b a r r ie r  to e lec tro ­

ly tes and o th er compounds (K rnjevic, 1954). Spontaneous d ischarge  ap­

p e a rs  in  the desheathed frog  nerve within 30 seconds a fte r  exposure to 

calcium -free medium while i t  takes 3-4  hours to develop in the sheathed 

nerve (A ltura, 1968).

In summary, antagonists of spontaneous d ischarge w ere studied 

in  o rd e r  to b e tte r  understand the mechanism by which a  cell spontaneous­

ly  d isch a rg es , thereby elucidating the ro le  of calcium in  stabilizing 

the ne rv e .



HISTORICAL BACKGROUND 

Calcium Concentration and N erve Function

The im portance of calcium in the maintenance of excitability  was 

f i r s t  recognized by Ringer (1883) who found that calcium was needed to 

prevent cessa tio n  of the beat in excised frog  h e a r t. G enerally  an in­

c re a se  in the calcium concentration in  the medium stab ilizes the nerve 

w hereas a  d ecrease  of the calcium concentration causes the nerve to 

become more excitable (S hanes, 1958). D ecreasing  the calcium concen­

tra tion  low ers membrane re s is ta n c e  (Cole, 1949), reduces accomodation 

(Solandt, 1956) and d ecreases  th resho ld  (B rink, e t a l . , 1946).

Reducing the calcium concentration a lso  causes local oscilla to ry  

behavior (recorded  with ex ternal e lec trodes) whose amplitude is  in v e rse ­

ly proportional to the calcium concentration . O scillatory  behavior even­

tually gives r is e  to spontaneous d isch arg e , the frequency of the d ischarge 

being re la ted  to the frequency of the local oscilla tions (Brink and Bronk, 

1941). Stampfli and N ishi (1956) using the sucro se  gap technique found 

that bundles of myelinated fro g  nerves depolarized  by 8 to 10 m illivolts 

in  calcium -free medium. Giant axons sometimes show a slight depolariza­

tion in low calcium medium (Shames, 1958). In caclium -free medium both 

the squid axon (F rankenhauser and Hodgkin, 1957) and the iso la ted  frog  

node of R anvier (F rankenhauser, 1957) become inexcitab le . The whole 

desheathed frog  nerve can maintain i ts  excitability  in calc ium -free  med­

ium (F ra n k e n h a u se r ,1957).
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The effects of calcium concentration on potassium  and sodium 

perm eabilities in voltaged clamped squid axons w ere studied by Frank­

enhauser and Hodgkin (1957). D ecreasing  the calcium concentration 

caused the sodium c u rre n t en tering  the axon during a m oderate depolar­

ization to in c rease  although the maximum sodium conductance attained 

fo r a  la rg e  depolarization was not affected . The ra te  a t which the sod­

ium conductance ro se  and the amount of sodium conductance which was 

inactivated  w ere a lso  in c re a se d . The ra te  of r is e  and magnitude of the 

potassium  conductance w ere in c reased  by low ering the calcium concen­

tra tio n . Hille (1968) studying the voltage clamped frog  node of Ranvier 

found changes in the potassium  and sodium conductances sim ila r to 

those in  squid axons as a  re su lt of changing the calcium concen tra tion .

Calcium Binding to M em branes.

It i s  a  widely accepted view that calcium  binding to negative memb­

ran e  s ite s  influences membrane perm eability and th e re fo re  excitation 

(Gordon and Welsh, 1945; T ob ias, 1964). Negative charges on the ce ll 

membrane su rface  have been dem onstrated in  re d  blood ce lls  (Abramson, 

e t a l . , 1942), nerve and o th er c e lls  (E lul, 1967). Bolingbroke and 

M aizels (1959) have shown that re d  blood ce ll membranes bind calcium 

and recen t electrophoretic  studies indicate tha t calcium is  bound to 

ery throcy te  and leucocyte membranes a t two d ifferent anionic s ite s  

(Seam an, e t_ a l., 1969). M icroincineration studies dem onstrated the 

p resence  of calcium in the myelin of nerve bundles (S co tt, 1940).

Support fo r the hypothesis of calcium binding to nerve  membrane



-6 -

comes from experim ents using membrane frac tions and a r tif ic ia l memb­

ra n e s . Lipid and lipoprotein membrane frac tions from frog  skele ta l 

muscle w ere shown to bind calcium (Koketsu, e t a l . , 1964). Experim ents 

with a rtif ic ia l membranes have shown that calcium binds to m onolayers of 

lecith in  (Koketsu and Kimizuka, 1962), phosphatidylserine and phos- 

phatidylethanolamine (T obias, 1964). Calcium binding to lecith in  mono­

la y e rs  is  sa tu ra ted  a t physiological calcium concentrations and sodium, 

hydrogen and potassium  compete with calcium fo r binding s ite s  on the 

lecith in  monolayer (Koketsu and Kimizuka, 1962). The binding of cal­

cium to these phospholipids p resen t in  nerve membranes may be im portant 

in  excitation (T obias, 1964).

Calcium binds to p ro te ins (Klotz, 1946). S ev era l lines of evi­

dence indicate that p ro teins a re  im portant in  excitation . Injections of 

p ro teases  into the squid axon cause i t  to become inexcitable without af­

fecting the res tin g  potential (Rojas and Luxoro, 1963). Hunneaus-Cox, 

e t a l . , (1966) found tha t sulfhydryl reagen ts which most likely  re a c t 

with pro tein  side chains cause the axon to become inexcitab le . A TPase 

is  located on the nerve membrane (C an essa -F isch e r, et a l . , 1967) and 

Tobias (1964) has suggested that i ts  function may be re la ted  to excit­

ab ility . A calcium sensntive A TPase has been found in  re d  blood ce ll 

membranes (Seam an, 1969). N erve membrane A TPase may function in 

excitation through the breakdown of a  Ca-A TP complex as  suggested by 

Abood and Gabel (1965).
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Calcium Flux M easurements in  N erve

It is  possible that d ifferen t frac tions of the to tal cell calcium have 

d ifferent physiological functions and that only one calcium frac tion  is  in­

volved in excitation . F o r th is reason  a  number of attem pts have been 

made to identify d ifferent fractions of ce ll calcium . Tipton (1934) 

m easured the calcium content in frog  nerves under a  v a rie ty  of conditions 

and concluded that only 40 p e r cent of the to ta l calcium in nerves is  ex­

changeable. Radiocalcium studies in  c rab  nerve and squid axons indicate 

that the exchangeable calcium frac tion  may be divided into two groups: 

the ex trace llu la r fraction  with a ve ry  fa s t half time and the in trace llu la r 

compartment with a  slow half time of efflux (Soloway, e t a l . , 1953; 

Hodgkin and K eynes, 1957). The inexchangeable fraction  and two ex­

changeable frac tions have a lso  been identified in muscle (G ilbert and 

F e ll , 1957). Shanes and Bianchi (1959) found that the exchangeable 

axoplasmic fraction  in muscle could be divided into the fraction  which 

exchanges only with calcium (self-exchangeable fraction) and a  second 

fraction  which will exchange with sodium, potassium  and hydrogen. P re ­

sumably i t  is  th is second fraction  which is  lo s t in  calcium -free medium 

and therefo re  is  linked to spontaneous d isch arg e .

Hodgkin and Keynes (1957) investigating the movements of rad io ­

active calcium in the squid axon found that most of the axoplasmic calcium 

was bound. They also  noted a  significant in c rease  in  the influx of cal­

cium during stimulation with no p a ra lle l in c rease  in calcium efflux. 

Koketsu and Myamoto (1961) did find an in c rease  in the calcium efflux 

during stimulation in  the frog  n e rv e .



-8 -

Role of Calcium in  Excitation

Calcium has been postulated to influence membrane perm eability 

and excitation . This cation may plug pores in the membrane (Mullins, 

1962), s tru c tu ra lly  modify the membrane (T obias, 1964), o r  change the 

su rface  potential of the membrane (F rankenhauser and Hodgkin, 1957). 

Gordon and Welsh (1945) suggest that calcium stab ilizes the membrane by 

linking adjacent po lar groups on the axon’s su rface . Mullins (1961) p ro ­

poses p o res o r  channels 4 A° in d iam eter which a re  blocked by calcium 

in  the re s tin g  axon. This investigato r fu rth e r postulated that during ex­

citation  calcium is  removed from these  pores and sodium e n te rs . Adelman 

(1960) suggested that the pores can vary  in s ize  thereby discrim inating 

between potassium  and sodium. A lternatively , C handler, e t a l . , (1965) 

think th e re  may be completely d ifferen t channels fo r  potassium  and sodium.

Recent studies m easuring fluo rescen t changes in  c rab  nerves 

stained with acrid ine  orange indicate that th e re  a re  m ajor physiochem - 

ic a l changes o ccu rring  in the nerve membrane during conduction (T a- 

sak i, e t a l . , 1969). Experim ents by Cohen and Keynes (1968) on the 

optical p ro p e rtie s  of the c rab  nerve a lso  dem onstrate changes in memb­

ran e  configuration during excitation . Tobias (1964) proposes tha t changes 

in  the p ro te in  s tru c tu re  of the membrane a re  involved in excitation . He 

postu la tes that the outward flux of potassium  from the nerve d isp laces 

calcium from membrane s i te s .  This displacem ent leads to an in c reased  

hydration of the membrane and a  change in  pro te in  configuration. These 

changes in c rease  the perm eability of the membrane thus allowing excita­

tion to o ccu r. Experim ents with monolayers of phosphatidylserine
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indicate that the in c reased  re s is tan ce  caused by calcium in  these  mono­

la y e rs  may be due to a  d ecrease  in  hydration (T obias, 1964).

Tasaki and S inger (1966) propose tha t the membrane can maintain 

two stable s ta te s . The f i r s t  is  the calcium d issocia ted  s ta te  and the sec­

ond is  the calcium assoc iated  s ta te . Excitation occurs during the tran ­

sition  from one s ta te  to the o th er and depends on the ra te  of d issociation  

and association  of membrane calcium ra th e r  than the influx of a  monoval­

ent cation . Experim ents on the perfused squid axon (T asak i, e t a l . ,

1966) indicate that excitability  can be maintained in the absence of ex­

te rn a l monovalent cations.

It is  a lso  postulated that the effects of calcium may be explained 

by an effect on the surface  potential of the nerve fib e r (F rankenhauser 

and Hodgkin, 1957). If the o u te r boundary has fixed negative charges 

the concentration of calcium bound to these  charges will influence the 

number of negative s ite s  which a re  covered by calcium and the surface  

potential will th e re fo re  become more positive . The membrane would be­

have a s  if i t  w ere hyperpo larized , ju s t as  axons behave in  high calcium .

All the th eo ries  d iscussed  here  to explain the stab ilizing  action 

of clacium on nerve involve the binding of calcium to membrane s i te s .  

Whether th is binding ex e rts  i ts  influence by controlling the surface  po­

ten tia l, the physical configuration of the membrane o r  perm eability through 

membrane p o res has not been decided. None of these th eo ries  a re  mutu­

a lly  exclusive and i t  is  possible that a  combination of these fac to rs  is  

operating .

A g rea t deal of evidence has recen tly  accumulated indicating that 

calcium has an action on excitable system s o th er than i ts  stab ilizing
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effect. Calcium has been shown to be capable of carry in g  the cu rre n t in 

frog  sympathetic ganglion ce lls  (Koketsu and N ishi, 1969) and squid giant 

axons (T asaki, _et a l . , 1966) when they w ere placed in isotonic C aC ^  so­

lu tion . The peak of the action potential was proportional to the ex ternal 

calcium concen tra tion . It is  possib le  tha t calcium is  acting as a  charge 

c a r r ie r  even in  solutions containing sodium io n s . The calcium influx has 

been shown to in c rease  during the action potential in the squid axon 

(Hodgkin and K eynes, 1955) and may be making a  small contribution to 

the charge en tering  the n e rv e .

Effects of D ifferent Agents on Nerve Excitability

A. D ivalent Cations

The ability  of divalent cations to substitu te  fo r calcium has been 

te s te d . By m easuring the dem arcation potential in  c rab  nerve Guttman 

(1939) found that barium and strontium  can counteract the depolarization 

caused by potassium  as does calcium . The o rd e r  of effectiveness is  

barium >strontium >calcium . Magnesium has no effec t. Barium acts like 

"high" calcium in the voltage clamped lo b s te r axon while magnesium is  

much le ss  effective than calcium (B laustein and Goldman, 1968). H afe- 

mann (1969) has te sted  the ability  of a  number of divalent cations to main­

tain  the ra te  of r is e  of the action potential in lo b s te r axons. Alkali ea rth  

metals a re  the best calcium su b stitu tes . The tran sitio n  m etals a re  ef­

fective in maintaining the ra te  of r is e  of the action potential but the axons 

become inexcitable within half an hour. T ransition  metals a lso  ra is e  the 

threshold  of excitability  in the lo b s te r axon.
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T akahashi, e t a l . ,  (1962) showed that nickel and cobalt increased  

the threshold  and spike height in calcium deficient amphibian frog  nerve 

f ib e rs . These cations caused a  prolongation of the action potential 

which could be inhibited by in c reasin g  the calcium concen tra tion . Nickel 

is  approxim ately 5 times as  effective as  calcium in changing the voltage 

c u rre n t cu rves in the frog node of R anvier (H ille, 1968). Solutions of 

isotonic S rC lg  and BaCl2 have recen tly  been shown to be able to sub­

stitu te  fo r isotonic CaCl2 in  maintaining excitability  in bullfrog spinal 

ganglion ce lls  (Koketsu and N ishi, 1969). C ells placed in isotonic MgCl2 

a re  inexcitab le .

In summary, barium and strontium  a re  generally  very  effective 

calcium substitu tes while magnesium is  n o t. N ickel, cobalt and o ther 

tran sitio n  m etals a re  able to substitu te fo r calcium but cannot maintain 

excitability  as  well a s  the a lkali e a rth  m etals in  lo b s te r axon. Nickel 

and cobalt a lso  in c rease  the threshold  of frog  and lo b s te r n e rv e s .

B. Hydrogen Ion

The effects of changes in hydrogen ion concentration on nerves 

have been investigated  in both the frog node of R anvier (H ille, 1968a) 

and the lo b s te r  axon (Hafemann, 19§9b). A decrease  in the pH below 

6 .0  in  the frog  nerve re su lts  in  a  decrease  in sodium conductance and a 

shift in  the voltage c u rren t cu rves in  a  way sim ilar to that seen  in high 

calcium . Hille (1968a) explains these re su lts  by postulating a  block of 

the sodium channel a t low pH values due to the protonation of an acidic 

group with a  pKa of about 5 .2 . Hafemann (1969b) re p o rts  tha t low pH
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causes a  rev e rs ib le  de terio ra tion  of excitability  in the lo b s te r axon with­

out affecting the re s tin g  potentia l. High pH, on the o ther hand, causes 

an ir re v e rs ib le  disruption of the axon. Increasing  the calcium concen­

tra tion  p ro tec ts  the axons from the effects of low pH. Hafemann (1969b), 

th e re fo re , concluded that calcium and hydrogen a re  acting on the same 

membrane s ite s . Stephens (1969) postu lates that a  change in the hydro­

gen ion concentration during depolarization re su lts  in the displacem ent of 

calcium from the membrane which in tu rn  leads to excitation.

C . Tetrodotoxin

The action of TTX has been extensively studied in a  number of nerve 

p rep a ra tio n s . It selectively  abolishes the tran s ien t inw ard cu rren t in the 

squid axon (Moore, et a l . , 1967), the lo b ste r axon (N arahashi, et a l . , 1964)

and the node of Ranvier of frog  myelinated nerve (H ille, 1968b). TTX is  

active in its  cationic form (H ille, 1968b; N arahashi, _et a l . , 1969) and it  

is  thought to act by blocking negative membrane s ites  which control the p e r­

meability of sodium. Recent studies on the in teraction  of TTX with iso la ted  

lip ids from the membrane of squid axons indicate that TTX re a c ts  specifi­

cally  with cho lestero l (V illegas, e t_al . , 1970). It is  therefo re  postulated 

that cho lestero l is  a  p a rt of the sodium channel. The action of TTX on the 

lo b ste r axon is  not affected by changes in ex ternal calcium concentration 

(B laustein and Goldman, 1968).

Metabolism and Excitation

Numerous studies have been c a rr ie d  out to examine the re la tionship
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between nerve excita tion  and metabolism. The only d irec t link between 

excitation and metabolism that has been estab lished  is  the existence of a 

m etabolically driven Na-K pump which m aintains the re s tin g  membrane po­

ten tia l. Hodgkin and Keynes (1955) showed that the re s tin g  efflux of sodium 

and influx of potassium  was reduced to le ss  than 10 p e r cent of th e ir  normal 

values by DNP, azide and cyanide. The need fo r high energy phosphates to 

maintain these fluxes is  c lea rly  dem onstrated in perfused squid axons which 

were blocked by metabolic inh ib itors where injection of ATP re s to re d  the 

re s tin g  efflux of sodium and influx of potassium  (Caldwell, et_al_., 1960). 

P o st-te tan ic  hyperpolarization can be inhibited by cyanide, azide , antimycin 

A, deoxy-D glucose and low tem perature (den H ertog and R itchie, 1969; 

G reengard and S trau b , 1962).

Changes in nerve metabolism take place during activ ity . D ecarb­

oxylation of pyruvate by guinea pig scia tic  nerves in c reases  during stimula­

tion. The glucose consumption and lactate  production do not significantly 

change so that the energy needed fo r the increased  activ ity  must come via 

the K rebs cycle (Reich, e t a l . , 1967). This is  in agreem ent with B rin k 's  

(1954) suggestion that there  is  a  shift in in term ediary  metabolism of glucose 

to a more complete exidation through the K rebs cycle during stim ulation.

A d ecrease  in the ATP content of rabb it C fib e rs  a fte r stimulation was r e ­

ported  by G reengard and S traub  (1959). No d ecrease  in ATP content was 

found in frog  nerves a fte r  stimulation (Cheng, 1961). The difficulty in de­

m onstrating a  d ecrease  in ATP in myelinated nerves is  probably re la ted  to 

the small change in  sodium concentration p e r  impulse as  compared with non­

myelinated fib e rs ; in the la tte r  the change in sodium concentration p e r
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impulse is  much g re a te r .

Calcium and Nerve Metabolism

G erard  (1932) proposed that calcium may link metabolic and e lec tro ­

chemical p ro cesses  in n e rv e s . A d ecrease  in  calcium concentration in c rease s  

the oxygen consumption in frog  nerve fib e rs  (B rink, e t a l . , 1946). This in­

c reased  oxygen consumption is  proportional to the decrease  in threshold  

seen in low calcium R in g e r 's  solution. An in c rease  in  oxygen consumption 

occurs in low calcium medium even in the absence of spontaneous activ ity  

(B rink, 1954). It is  likely  that low calcium is  acting by in c reasin g  the ra te  

of mitochondrial oxidation since the m achinery fo r oxidative phosphorylation 

in the nerve is  located in m itochondria. S iekevitz and P o tte r (1953) pro­

pose that low calcium in c re a se s  the ra te  of oxygen consumption and th e re ­

fore the ra te  of oxidative phosphorylation in m itochondria by regulating 

the concentration of A TP, ADP and AMP.
32In calcium deficient nerve there  is  an in c rease  in the efflux of P 

from excitable tissu e  (Abood, e t a l . , 1962). Abood (1966) has suggested 

tha t A TP, calcium and phospholipids form a  m acrom olecular complex on 

the membrane. During excitation calcium is  re le ased  and ATP is  hydro­

lyzed thus affecting the membrane configuration and allowing excitation to 

occu r. In th is  hypothesis the ro le  of metabolic p ro c e sses  in controlling 

ATP levels in nerves would be intim ately assoc iated  with excitab ility .

It has been suggested tha t changes in  the level of free  calcium 

within the axon may influence metabolism (B aker and B laustein , 1968).

The influx of calcium into squid and c rab  axons i s  dependent on the sodium
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concentration in the axoplasm . Small changes in the sodium content of the 

axoplasm during excitation may provide significant changes in the level of 

free  calcium inside the ce ll.

Recent evidence ind icates that calcium is  extruded by c e lls . The 

squid axon and many o ther ce lls  have a  low calcium content (10” ^M) indi­

cating that calcium is  not d istribu ted  according to the Donnan equilibrium  

(B laustein and Hodgkin, 1969). Vincenzi and Schatzman (1967) found that 

re d  blood ce ll membranes actively  extrude calcium and that ATP probably 

provides the energy . T here is  no d irec t evidence that calcium is  actively  

extruded in the squid axon although the possib ility  cannot be excluded 

(B laustein and Hodgkin, 1969). B aker, et_al. (1969), studying the influx 

of calcium into the squid axon found that the influx of one calcium ion is  

linked to the efflux of two o r th ree  sodium io n s .

Metabolic Inhibitors and N erve Function

The action of metabolic inhib itors on nerves has been studied in 

o rd e r to c larify  the ro le  of metabolism in nerve function. 2 ,4  Dinitrophenol 

(DNP) causes a slight depolarization in v e rteb ra te  fib e rs  a t pH 6 .0 . (Ex­

perim ents a t higher pH values showed no effect, presum ably because DNP 

is  more perm eable a t pH 6 .0 .)  DNP, azide and cyanide have no effect on 

the re s tin g  o r  action potential of squid axons (Hodgkin and K eynes, 1955) 

but DNP and azide do depolarize  the lo b s te r axon (Senft, 1967). Segal 

(1968) found that the surv ival time of squid axons was decreased  by DNP 

and cyanide. This d ecrease  is  not re la ted  solely to the cessation  of active 

tran sp o rt of sodium since axons in sodium -free medium also  have a  decreased
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survival tim e. Cyanide and DNP dep ress  the action potential in frog  nerves with­

out affecting the re s tin g  potential (Schoepflie and Block, 1959). These inhib itors 

(DNP, cyanide and azide) d ecrease  ATP levels in lo b s te r axons (Senft, 1957).

DNP, azide and cyanide re le ase  calcium from squid axons (Rojas and 

Hidalgo, 1968) and from frog  nerves (A ltura, 1968). The action of these 

agents in re leasin g  calcium is  not known but i t  is  postulated that they a re  

acting to inhibit the accumulation of calcium by in traaxonal s ite s  (Rojas and 

Hidalgo, 1968). B laustein and Hodgkin (1969) showed that calcium could be 

dialyzed from cyanide trea ted  squid axoplasm 50 times fa s te r  than from normal 

axoplasm, indicating a re le a se  of calcium from axoplasmic s ite s . S tudies by 

C arofli (1967) on r a t  liv e r  showed that injection of DNP into r a ts  decreased  

the amount of mitochondrial calcium and in c reased  the calcium content of the 

microsomal frac tio n . The addition of DNP to Ca-45 labelled r a t  liv e r mito­

chondrial frac tions caused the re le a se  of two th ird s  of the accumulated C a- 

45 into the medium. These re su lts  indicate that DNP in te rfe re s  with the ac­

cumulation and re ten tion  of calcium in liv e r m itochondria. DNP and o ther 

metabolic inh ib ito rs may have the same effects on n e rv e s .

O ther agents which have been tested  in the lo b ste r axon a re  1 ,5 d i-  

fluoro 2 ,4  dinitrobenzene (FFDNB) and 2 ,4  dinitrofluorobenzene (FDNB).

Both of these agents ir re v e rs ib ly  abolish the action potential without affect­

ing the re s tin g  potential of the lo b s te r axon. These agents might be acting 

on membrane constituents which a re  responsib le  fo r conductance changes 

during excitation (Cooke, et a l . , 1968). Both FFDNB and FDNB form 

stable covalent bonds with pro te ins and th e re fo re  can change pro tein  con­

figuration o r  inactivate enzymes involved in nerve metabolism.



MATERIALS AND METHODS

I D issection

All experim ents w ere perform ed a t room tem perature (22-24°C) 

on iso lated  desheathed sc ia tic  nerves of Rana p ip iens. F rogs*  w ere 

sto red  fo r periods up to six weeks in  tap w ater a t 5°C . N erves w ere 

d issec ted  free  and placed in normal R in g e r 's  solution. While being de­

sheathed the nerves w ere pinned on a  piece of cork  and kept moist with 

norm al R in g e r 's  solution. The nerves w ere anchored to the cork  with a  

p iece of th read  and a ll side branches w ere cut off. A sm all puncture 

was made in  the sheath  a t the top of the nerve with a  p a ir  of je w e le r 's  

fo rcep s . The sheath was picked up, teased  away from the top of the 

n e rv e , and pulled from the nerve in much the same way as a  sock is  

pulled off a  foot. The en tire  procedure  was c a rr ie d  out under a Bausch 

and Lomb d issecting  m icroscope; the procedure lasted  approxim ately 2 -  

3 m inutes.

II Solutions

All solutions w ere made using deionized w a ter. Normal frog  

R in g e r 's  solution contained: 110.8 mM NaCl, 2 .0  mM KC1, 2 .0  mM 

NaHCO^, 0.1 mM NaPO^, 1 .8  mM C aC L/H gO . Calcium -free R in g e r 's  

solution was made by eliminating the CaClg. Choline chloride R in g e r 's

*
Frogs were obtained from L em berger, C o ., W isconsin.
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solution was p repared  by substitu ting choline chloride fo r NaCl. Agents 

te sted  fo r th e ir  ability  to antagonize spontaneous d ischarge w ere p re ­

pared  by adding the desired  quantity of the agent to calcium -free Ring­

e r ’s solution. Solutions of 1 ,5  d ifluo ro -2 ,4  dinitrobenzene (FFDNB) and 

o th er nitrobenzene derivatives w ere made by dissolving the compound in 

methanol and then adding th is to calcium -free R in g e r 's  solution. The 

final concentration of methanol was never more than 1 .0  p e r  cen t. Con­

tro l experim ents w ere perform ed which showed that 1 .0  p e r  cent methanol 

had no m easureable effect on the desheathed n e rv e . The pH of a ll solu­

tions was kept a t 7 .2  unless otherw ise specified . The pH was adjusted 

using HC1 and NaOH.

Ill E lec tr ic a l M easurements

Action potentials and spontaneous d ischarge  of desheathed frog 

scia tic  nerves w ere m easured using standard  electrophysiological tech­

n iques. The sc ia tic  nerve is  a  compound nerve bundle; th e re fo re  the 

evoked action potential re p re se n ts  the summation of a number of action 

potentials moving a t d ifferent v e lo c ities . As the distance from the stimu­

lu s in c rease s  the action potential travelling  a t d ifferen t velocities sep­

a ra te  so that the distance between the record ing  and the stimulating 

e lec trodes is  im portant in determ ining the shape of the reco rded  spike. 

Recordings w ere made in a ir  using sta in less  s tee l e lec tro d es . The 

stimulating e lec trodes w ere 20 mm from the record ing  e lec trodes which 

w ere 15 mm a p a r t. The amplitude of the spontaneous d ischarge and the 

e lic ited  action potential w ere m easured using a  Tetronix Dual Beam Os­
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cilloscope Type 502A. The reco rd ing  e lec trodes w ere connected to the 

oscilloscope through a  G rass  P ream plifier Model DP98. A diagram  of 

the experim ental se t up is  shown in F ig . 1. Spontaneous d ischarge was 

m easured d irec tly  from the oscilloscope sc reen  by visually  approximat­

ing the height of the sp ikes. This type of measurem ent takes into account 

both the number of axons d ischarg ing  and the tem poral summation of th e ir  

d isch arg e . The action potential was e lic ited  with a  stimulus of 0.1 msec 

duration and an amplitude which was supramaximal fo r A fib e rs  (which 

have the highest threshold  of stim ulation). One o r  two pulses w ere ap­

plied to the nerve using a  G rass Model S42 stim ulator and the action po­

tential height was read  d irec tly  from the oscilloscope sc ree n .

The experim ental design fo r testing  the action of d ifferent agents 

on spontaneous activity  and the evoked spike involved f ir s t  d issec ting  

free  a  p a ir  of nerves and placing them in normal frog  R in g e r 's  solution. 

Each nerve was then desheathed and tested  sep a ra te ly . Immediately 

a f te r  desheathing the action potential and spontaneous activ ity  of the 

nerve w ere reco rd ed . The value of the action potential a t th is  reading  

was equated to 100 p e r  cen t. All subsequent m easurem ents w ere norm­

alized  to th is value. This was done to compensate fo r the normal v a ria ­

tion between n e rv e s . The nerve was then placed in calcium -free R in g e r 's  

solution fo r 5 minutes a f te r  which time the action potential and spontan­

eous activ ity  w ere again m easured. The value of the spontaneous d is­

charge a t  th is time was designated as 100 p e r  cent and a ll subsequent 

readings w ere expressed  as  a  percentage of th is  va lue. As before th is 

was done to minimize the inheren t varia tion  between n e rv e s . The nerve



20

Oscilloscope

nerve

Stim ulating^
electrodes

Isolation
unit

Preamplifier

Stimulator

P ig . 1. A diagram m atic r e p r e s e n ta t io n  o f tn e  s e t  up fo r  
reco rd in g  both e l i c i t e d  a c t io n  p o t e n t ia ls  and spontaneous  
d isch a rg e  in  the desheathed  fro g  n e rv e .



-21 -

was then placed in a te s t solution and the action potential and spontaneous 

d ischarge m easured a t various time in te rv a ls . The compounds to be tested  

fo r th e ir  ability  to antagonize spontaneous activ ity  w ere always added to 

calcium -free R in g e r 's  solution.

IV Dem arcation P oten tia l M easurements

The dem arcation potentials of desheathed frog  scia tic  nerves were 

m easured in a  lucite  chamber containing th ree  compartments (A, B , C) 

(F ig . 2). Compartments A and C have a  capacity  of 5 ml while compart­

ment B has a  capacity  of 1 m l. The nerve was threaded  through the 

p ores in the b a r r ie r s  dividing the chamber into th ree  com partm ents. The 

p ores w ere then sealed  with v ase lin e . Compartment B was filled  with 

ligh t m ineral o il. Compartment A was filled  with normal frog  R in g e r 's  

solution while compartment C was filled with modified R in g e r 's  solution. 

P o ten tia ls  w ere m easured with a high input impedance B ioelectric  amp­

l i f ie r ,  Type N F1. The output of the am plifier was fed into a  T etronix 

oscilloscope, Model 502A. The b ioelectric  am plifier was connected to 

compartments A and C by s ilv e r: s ilv e r  chloride e lec trodes which w ere 

in serted  into 3 M KC1 ag ar b rid g es . The re s is ta n c e  a c ro ss  the chamber 

was approxim ately 0 .2  megohms.

Experim ents w ere perform ed by putting normal frog R in g e r 's  so­

lution in both compartments A and C . A cotton wick moistened with Ring­

e r ' s  solution was then placed a c ro ss  the cham ber connecting A and C and 

any potential difference (0-6 m illivolts) was balanced ou t. The zero  read ­

ing was checked in  th is  way before each experim ental read ing . The
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P ig . 2 . L u c ite  chamber used fo r  dem arcation p o t e n t ia l  
m easurem ents. Compartments A and C have th e d im ensions
3 .0  cm x 3 .8  cm x 0 .5  cm. Compartment B has th e  d im ensions
0 .4  cm x 3 .8  cm x 0 .5  cm.
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potential of the nerve with norm al R in g er' s solution on both sides was de­

term ined a f te r  5 minutes equ ilib ra tion . Only nerves with a potential dif­

ference  of le s s  than 0 .6  m illivolts w ere u sed . The normal R in g e r 's  

solution in compartment C was rep laced  with calcium -free R in g er' s 

solution and the potential change was reco rded  over a  5 minute period . 

A fter the nerve  was depolarized by calcium -free R in g e r 's  solution the 

te s t solution was added to side C and any subsequent change was rec o rd ­

ed . The te s t  solution a t the end of an experim ent was always rep laced  

by normal R in g e r 's  solution to see  if the re s t in g  potential re tu rn ed  to 

the o rig inal va lue.

V Calcium-45 Efflux Studies

Calcium-45 efflux studies w ere perform ed on paired  n e rv e s . One 

half of each p a ir  served  a s  the co n tro l. Radioactive calcium* was made 

into a  stock solution with a  final concentration of 10 uc/m l of Ca-45 in 

norm al R in g e r 's  solution. F ro g  sc ia tic  nerves w ere removed and soaked 

in the stock solution fo r 2 hours a t room tem peratu re . They w ere then 

desheathed in normal R in g e r 's  nonradioactive solution and the washout 

study was begun. Each nerve was placed in the b a rre l of a  5 ml syringe 

which contained 5 ml of R in g e r 's  solution (the composition varied  with the 

experim ent). The R in g e r 's  solution was rep laced  every 10 minutes with 

fre sh  solution throughout the duration of the experim ent. A 1 ml aliquot 

was removed from each 5 ml sample and placed in a  polyethylene scin til­

lation v ia l. At d ifferent times during the washout te s t  agents w ere added
¥-----------------

Calcium-45 was obtained from New England N uclear C o rp ., M ass.
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to the R in g e r 's  solution. At the  end of each experim ent the tis su e s  were 

blotted, weighed and ashed a t 600°C . The ashed nerves w ere dissolved 

in  3 ml of 0.1 N HC1 and a  1 ml aliquot was rem oved. Each sample was 

placed in a counting vial and 10 ml of scintillation  fluor was added.

Each 10 ml collection sample and the acid d issolved ashed nerves was 

counted in a  liquid scin tilla tion  spectrom eter. The efficiences and the 

quench co rrec tion  curves w ere  determined by the channel ra tio  method. 

All counts w ere co rrec ted  fo r rad ioactive decay and the background 

count was automatically su b trac ted .

The scintilla tion co ck ta il contained the following reag en ts : 6 

l i te rs  of dioxane (spectroquality ), 1 .8  g 1 ,4  B is-2  (4 methyl-5 phenyl 

oxazoyl) benzene, 180 g naphthalene, 36 g 2 ,5  -  diphenyloxazole, and 

600 ml of ethoxy ethanol.

The data obtained from  calcium-45 washout studies was plotted 

in  two w ays. D esaturation c u rv e s  which describe  the lo ss  of tissu e  

radioactiv ity  as  a  function of time were made. The lo ss  of tissue  rad io ­

activity was expressed  as a  p e r  cent of the in itia l rad ioactiv ity  in  these 

c u rv es . Rate coefficient cu rv e s  which give a  more sensitive  indication 

of the change in the ra te  of efflux were also  constructed . This type of 

curve accounts fo r the amount of radioactivity  rem aining in the nerve dur­

ing the collection period and ex p re sses  the efflux during th is period a s  a 

percentage of th is quantity.

VI Adenosine 5 1 T riphosphate Measurements

Adenosine 5 ' triphosphate  (ATP) was determ ined by fluorim etry
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using the method of G reengard (B ergm eyer, 1965). This method is  based 

on two princip les: 1) that the conversion of triphosphopyridine nucleotide 

(TPN) to reduced triphosphopyridine nucleotide (TPNH) is  quantitatively 

re la te d  to the concentration of ATP and 2) that TPNH fluo resces while 

TPN does no t. The reactions involved a re  shown in F ig . 3.

The m easurem ents w ere made using a  F a rran d  f i l te r  fluorom eter, 

Model A2. The prim ary g lass f i l te r  used was a Corning 7-37 (365 mu) 

f i l te r  and the secondary f ilte rs  w ere Corning 4-70 and 3-73 (460 mu) 

f i l te r s .  The enzymes* used w ere dissolved in cold deionized w ater. 

Solutions w ere made to give a  final concentration of 0 .08  Iu/m l fo r each 

enzyme in the te s t  solution.

P a ire d  nerves w ere d issec ted  free  and desheathed. One of each 

p a ir  was soaked in the te s t  R in g er1 s solution and the o ther half in the 

con tro l solution. At the end of the soaking period the nerves w ere blotted, 

weighed and plunged into te s t  tubes containing 1 .5  ml of 0.1 M trie th an o l- 

amine buffer which was heated to 100°C in  a  boiling w ater bath. The 

nerv es  w ere kept a t th is tem perature fo r 40 seconds a fte r which they 

w ere placed in an ice bath. The contents of each tube was then homo­

genized and 2 ml of chloroform  (spectrom etric quality) was added to the 

homogenate. The tube contents w ere then mixed fo r 3 minutes and cen tri­

fuged fo r  10 minutes a t 3 ,000 G. A 0 .3  ml aliquot of the supernatant was 

used fo r the ATP m easurem ents.

Each sample to be tested  contained: 0 .3  ml aliquot of nerve

Glucose 6-phosphate dehydrogenase (yeast) and hexokinase (yeast) 
w ere obtained from e ith e r Sigma C o ., Mo. o r  B oehringer Co. (C al. 
B iochem. d is trib u to rs) .



-2 6 -

hexokinase
1 . ATP + g lu c o s e --------------------------ADP + glucose 6-phosphate

glucose 6-phosphate 
dehydrogenase

2 . glucose 6-phosphate + TPN --------------------------------

6-phospho gluconic acid  + TPNH + H+

P ig . 3 . Two enzymatic reactions involved in  the a ssay  fo r  adenosine 
5* triphosphate .
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ex trac t o r  an ATP standard , 0.125 ml of 0.1 M triethanolam ine buffer, 

0 .1 5  ml of reaction  mixture and enough deionized w ater to b ring  the final 

concentration in each tube to 0 .9  ml. The reaction  mixture contained: 2 

ml of TPN (5 x 10~^M), 0 .2  ml of 1 .0  M glucose, 0 .2  ml of 0 .15  M MgClg 

and 0 .6  ml of 0 .02  M EDTA. The triethanolam ine fibber was made by 

dissolving 1.857 g of triethanolam ine hydrochloride in a little  d istilled  

w ater and bringing the pH up to 8 .0  with 63 ml of 0.1 N NaOH. The final 

volume of buffer was then brought up to 100 ml.

A fter the background fluorescence of each sample tube was meas­

u red , 0 .0 5  ml of hexokinase and 0 .0 5  ml of glucose 6-phosphate dehydro­

genase was added to each tube. The reac tio n  was completed in about 25 

minutes and the fluorescence of each tube was m easured . The fluo resc­

ence values fo r the ATP standards w ere plotted against the known amount 

of ATP in each standard . The amount of ATP in each sample tube was 

then determ ined by using the standard cu rv e . All re su lts  w ere expressed  

a s  umoles of ATP /g ram  wet weight of n e rv e .



RESULTS

I Divalent Cations

A. Effect on Spontaneous D ischarge and Action Potential

Immersed in a calcium deficient R in g e r 's  solution, the desheathed 

nerve develops spontaneous repetitive  d ischarge within 2 m inutes. A 

typical reco rd ing  of spontaneous d ischarge in a nerve a fte r 5 minutes in 

calcium -free R in g e r 's  solution is  shown in  F igure  4 . The amplitude of 

the spontaneous d ischarge reach es  a maximum (100-300  volts) a fte r 4 min­

utes and then d ecreases  gradually over the next 40 minutes (F ig . 5). The 

action potential amplitude rapidly  d ecreases  in calcium -free R ingers so­

lution to about 40 p e r  cent of the in itia l value (15-25  mvolts) and then 

stab ilizes a t th is point during the next 40 m inutes. Recordings of nerve 

action potentials before and a fte r soaking in calcium -free R in g e r 's  solu­

tion fo r 5 minutes a re  shown in F igure 6 . The action potential amplitude 

of nerves soaked in calcium -free R in g e r 's  solution over th is  time period 

was approxim ately 40$ low er than in nerves soaked in  normal R in g e r 's  

solution. If calcium (>0.25mM) was added back to the medium nerves 

which had been spontaneously firing  stopped immediately and the action 

potential amplitude in creased  from 40 to 60 p e r cent of the in itia l value 

reco rded  immediately a fte r  desheathing. Table 1 gives the average values 

for both the action potential and spontaneous d ischarge amplitude recorded  

from desheathed nerves in calcium -free R in g e r 's  solution.

A number of divalent cations w ere tested  for th e ir  ability  to

-28-
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antagonize spontaneous d ischarge induced by lack of calcium . The action 

of barium , strontium  and magnesium was examined and barium was the only 

a lkali earth  metal which did not completely antagonize spontaneous discharge 

a t a concentration of 1 .8  mM (the concentration of calcium in normal Ring­

e r ' s  solution). ZnClg,  CoCl^, N iC ^  and M nC^ (1 .8  mM) w ere also  

tested  and found to antagonize spontaneous activ ity . F igure 7 shows the 

effect of placing a  nerve in a  solution containing 0 .45  mM of each divalent 

cation fo r 5 m inutes. These nerves w ere p re trea ted  in  calcium -free Ring­

e r ' s  solution fo r 5 minutes and w ere spontaneously firing  when placed in 

the solution containing the divalent cation . The in itia l value of the action 

potential a f te r  desheathing was equated to 100 p e r  cen t. The value of 

spontaneous d ischarge a fte r  5 minutes in calc ium -free  solution was equat­

ed to 100 p e r cen t. The b a rs  which a re  shaded re p re se n t the p e r  cent 

spontaneous d ischarge  rem aining a f te r  5 minutes in the te s t solution 

while the white b a rs  re p re se n t the p e r  cent amplitude of the evoked spike 

rem aining a f te r  5 minutes in the te s t  solution. From the data collected 

using d ifferen t concentrations of divalent ca tio n s , dose response  curves 

w ere calculated (F ig . 8) . A le a s t squares re g re ss io n  analysis fo r a ll 

the lines indicated that th e ir  slopes w ere not significantly d ifferen t.

From th is data the re la tiv e  efficiences of each cation to antagonize spon­

taneous d ischarge was calculated to be: Ca (1 -  0 .4 ) , Mn (1 .2 4 - 0 .1 ) ,

Co (1.69 -  0 .0 5 ), Ni (2 .9  ± 0 .2 2 ), Zn (4.1 ± 0 .1 ) ,  Mg (5.3 ± 0 .0 7 ),

S r  (5 .3  -  0 .3 2 ). These values w ere obtained by taking the concentration 

of calcium which decreased  spontaneous d ischarge by 50 p e r  cent and 

equating that value to 1 .0 . The concentrations of the o ther cations which
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F igu re  4 . Spontaneous d ischarge in a  desheathed frog sc ia tic  nerve 
reco rded  a f te r  5 minutes in calcium -free R in g e r 's  solution.
(Sweep speed = 5 m illiseconds/cen tim eter; sensitiv ity  = 100 m icro­
vo lts/cen tim eter) .
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100

Normal R. 
Ac.Pbt.

Minutes

F ig . 5. Time course  of spontaneous activ ity  (solid line) and the action 
potential amplitude (dotted line) of desheathed frog  scia tic  nerves in  cal­
cium -free R in g e r 's  solution (0-Ca++). The action potential amplitude 
(dashed line) in normal R in g e r 's  solution is  also  shown. Each point is  
the mean of 12 separa te  experim ents (12n). The standard e r ro r  (± SE) 
is  given fo r each point.
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Figure 6 . Top: Action potential recorded from a desheathed frog sciatic 
nerve immediately after desheathing.
Bottom: Action potential recorded from a desheathed nerve after 5 /minutes 
in calcium-free Ringer's solution. (Sweep speed = 5 milliseconds/centi­
meter; sensitivity = 5 millivolts/centimeter).
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Table 1. The effect of the length of exposure to calcium -free 

solution on the action potential and spontaneous d ischarge amplitudes 

in desheathed frog  n e rv e s . Each value is  an average of 6 n e rv es . 

The standard  e r r o r  is  given fo r each v a lue .

Time Action Potential Spontaneous D ischarge
(minutes) (millivolts) (microvolts)

0 22- 1 .5  0

0 .5  21-1 .6  20-10

1 .0  1T—1 .5  70-13

2 .0  12-1 .9  160-18

3 .0  11- 1 .4  200-15

5 .0  8 -1 .4  200-11

10.0  8 - 1 .4  148- 19

20.0  7 -1 .0  118-12

3 0 .0  7 -0 .9  100-14

60.0  6 -0 .7  80-11
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0*Ca*» .45mM .4SmM

Pig. 7 . The effects of divalent cations on the spontaneous discharge 
and action potential amplitude of calcium deficient nerves. The shaded 
bars represent the per cent spontaneous discharge remaining after 5 
minutes treatment in the test solution. The white bars represent the 
per cent action potential amplitude remaining after 5 minutes in the test 
solution. Each bar is  a mean of 6 separate experiments. The standard 
error (±SE) is shown for each bar.
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100

Concentration (mM)

Fig. 8 . Concentration-response regression lines for antagonism of 
spontaneous discharge by 7 divalent cations. The per cent decrease 
in spontaneous discharge was determined for each concentration of 
cation. Each point is  a mean of at least 6 separate experiments. The 
standard error (iS E ) is  shown for each point.
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decreased  spontaneous d ischarge  by 50 p e r  cent w ere then exp ressed  in 

term s of calcium .

B. Dem arcation P o ten tia l M easurements

Studies w ere done to investigate w hether the cations which an­

tagonize spontaneous activ ity  a lso  re v e rse d  the depolarization caused by 

calcium deficiency. Experim ents w ere c a r r ie d  out in which nerves were 

f i r s t  equilibrated  with normal R in g er' s solution and then calcium -free 

R in g e r 's  solution was added to chamber C . The dem arcation potential 

was m easured a t 2 , 5> 10 and 15 minute in te rv a ls . The nerves reached 

th e ir  maximum value of depolarization  - 0 .7 5 - 0 .0 1  mv within 5 minutes 

and maintained th is depolarization fo r the next 10 minutes (F ig . 9). If 

2 mM EGTA* was added to the calcium -free R in g er1 s solution in compart­

ment (5 the depolarization  a fte r  5 minutes reached a  value of - 1 .2  -  0 .08 

mv. Experim ents w ere perform ed in calcium -free R in g e r 's  solution con­

taining MnClg, MgCl^ and BaClg (1 .8  mM). In these  experim ents chamber 

C contained calc ium -free R in g e r 's  solution fo r 5 minutes a f te r  which 

time the solution containing the divalent cation was added. It was found 

tha t 1 .8  mM MnClg re v e rse d  the depolarization caused by calcium -free 

R in g e r 's  solution within 1 minute (F ig . 9). The solution containing 1 .8  

mM M gC^ was much slow er a t re v e rs in g  the depolarization caused by 

calcium deficiency, and a t the end of 5 minutes in MgGl^ solution the nerve 

was s till  slightly depolarized (-0 .25  -  0 .03  mv). The solution containing 

1 .8  mM B aC ^  caused no rep o la riza tio n . In fac t, a f te r  5 minutes in  the

EGTA-ethylene glycol b is (amino ethylether) N ,N -te traace tic  acid
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Fig. 9 . The effect of calcium-free Ringer's solution in the 
presence and absence of other divalent cations on the demarcation 
potential in the desheathed frog nerve. The bars underneath the graphs 
indicate the solutions bathing the nerves at any given time. Each point 
is  a mean of 6 separate experiments. The standard error (* SE) is  
given for each point.
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BaClg solution the depolarization was slightly in creased  ( -1 . 0 -  0 . 02) .

Experim ents w ere a lso  perform ed using varying concentrations of 

potassium  in the bathing medium in o rd e r to determ ine the magnitude of the 

transm em brane change. F igure 10 shows the re la tionsh ip  between the ex­

te rn a l potassium  concentration and the change in  dem arcation potential. 

Huxley and Stampfli (1951) reco rded  re s tin g  potentials from single myel­

inated nerve fib e rs  using an ex ternal c u rren t to compensate fo r the in jury  

cu rren t between the two nodes (one node was placed in isotonic KC1 while 

the o ther was kept in normal R in g e r 's  solution). From th is and o ther 

m easurem ents i t  can be concluded that the dem arcation potential changes 

m easured in th is cham ber a re  approximately one th ird  to one q u a rte r of 

the actual membrane potential changes.

C . Calcium-45 Efflux Studies

Experim ents m easuring calcium -45 efflux w ere c a r r ie d  out in 

o rd e r to c o rre la te  the ability  of cations to re le a se  calcium with th e ir 

ability  to antagonize spontaneous d ischarge . D ivalent cations re le ase  

calcium from the frog  nerve in the following o rd e r: C a, S r^B a^M g, Zn, 

Ni/'Mn (B. A ltu ra , 1968). Experim ents w ere done on the desheathed 

nerve which gave sim ilar r e s u l ts . N erves w ere washed out in normal 

R in g e r 's  solution for the f i r s t  30 minutes and then in calcium -free Ring­

e r ' s  solution fo r the next 10 m inutes. Following th is p rocedure  they w ere 

washed out in  R in g e r 's  solution containing 1 .8  mM S r C ^ ,  C aC ^  o r  no 

divalent cation a t a ll (0-C a). When nerves w ere washed out in calcium - 

free  solution fo r the la s t  40 minutes of the efflux experim ent slightly
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Concentration of KCI (mM)

F ig . 10. The effect of changes in  ex ternal KCI concentration on 
the dem arcation potential m easurem ents in the frog  n e rv e . Each 
point is  a  mean of 4 separa te  experim ents.

1
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At time Q, os&3»3l6cptn±15,439 
•=77,332cpm ± 12,900
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F ig . 11. The effect of calcium -free R in g e r 's  solution on the percen t 
of Ca-45 rem aining in  iso la ted  paired  desheathed n e rv e s . The experi­
mental nerves w ere washed out in  normal R in g e r 's  solution fo r the f i r s t  
30 minutes a t which time calcium -free R in g er' s  solution was added fo r 
the rem ainder of the experim ent. The contro l nerves w ere washed out 
in normal R in g e r 's  solution fo r the en tire  experim ent. Each point is  a  
mean of 3 n erves (3n). The standard  e r r o r  (*S E ) is  given fo r  the la t te r  
portion of the cu rv e . Notations a t the top and bottom of the graph re fe r  
to the open and closed c irc le s  resp ec tiv e ly .
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more Ca-45 rem ained in  the nerves (P<0.01) than in  the control nerves 

which w ere kept in normal R in g e r 's  solution (F ig . 11). N erves which 

w ere washed out with 1 .8  mM MnClg R in g e r 's  solution behaved in a  way 

sim ilar to those in calcium -free R in g e r 's  solution (P<0.01) (F ig . 12).

On the o ther hand, nerves washed out in 1 .8  mM SrC lg  R in g e r 's  solu­

tion fo r the la s t  50 minutes behaved in  the same manner as  those in norm­

al R in g e r 's  solution, that i s ,  there  was not a  significant difference be­

tween the Ca-45 rem aining in the two se ts  of nerves (P^O.05) (F ig . 15).

A s e r ie s  of experim ents was a lso  done to determ ine w hether good 

calcium re le a s e rs  (such  as strontium  and barium) were re leas in g  the 

same frac tion  of calcium that calcium itse lf  re le ased  -  i . e . , the se lf ex­

changeable frac tio n . N erves w ere washed out in calcium -free R in g e r 's  

solution fo r 50 m inutes. BaClg R in g e r 's  solution was then added fo r 20 

minutes a f te r  which normal R in g e r 's  solution was introduced fo r the r e s t  

of the experim ent. The r e s u l ts ,  plotted as  ra te  coefficient v e rsu s  time, 

(F ig . 14) indicate that barium does re le a se  the same fraction  of calcium 

as  calcium its e lf .  The calcium efflux from nerves in normal R in g e r 's  so­

lution which had previously been exposed to barium was sm aller than the 

contro l s e t which had been exposed only to calcium -free R in g er' s solu­

tion fo r the en tire  50 minutes before the normal R in g e r 's  solution was 

added.

A sim ilar experim ent investigated the possib ility  that the fraction  

of calcium that the poor calcium re le a s e rs  such a s  nickel w ere re leasin g  

was d ifferent from the fraction  of calcium that the potent calcium re le a s e rs  

such as  barium w ere re leas in g . The experim ents showed that when BaClg
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F ig . 12. The effect of 1 .8  mM MnClp R in g e r’s solution on the 
percen t of Ca-45 rem aining in iso lated  pa ired  desheathed frog  
n e rv e s . The experim ental nerves w ere washed out in  norm al Ring­
e r ' s  solution fo r the f i r s t  30 m inutes, then calcium -free R in g e r 's  
solution was added fo r 10 minutes a f te r  which 1 .8  mM MnCl„ R in g e r 's  
solution was added. The contro l nerves w ere washed out in  normal 
R in g e r 's  solution fo r 30 m inutes, then calcium -free R in g e r 's  solution 
was added fo r 10 minutes and normal R in g e r 's  solution was added fo r 
the rem ainder of the experim ent. Each point is  a  mean of 6 separa te  
experim ents (6n). The standard  e r r o r  ( i  SE) is  given fo r the la tte r  
portion of the cu rv e . Notations a t the top and bottom of the graph 
re f e r  to the open and closed c irc le s  re sp ec tiv e ly .
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F ig . 13. The effect of 1 .8  mM S rC U  R in g e r 's  solution on the 
pe rcen t of Ca-45 rem aining in  iso la tea  paired  desheathed n e rv es . 
The experim ental nerves w ere washed out in normal R in g e r 's  solu­
tion fo r  the f i r s t  30 minutes then calcium -free R in g er' s solution 
was added fo r 10 minutes a f te r  which 1 .8  mM S rC U  R in g e r 's  solu­
tion was added. The con tro l nerves w ere washed out in normal 
R in g er' s solution fo r 30 m inutes, then calcium -free R in g er' s solu­
tion was added fo r 10 minutes a fte r  which normal R in g e r 's  solution 
was put back. Each point is  a  mean of 3 sep ara te  experim ents (3n). 
Notations a t the top and bottom of the graph re fe r  to the open and 
closed c irc le s  resp ec tiv e ly .
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F ig . 14. The effect of 1 .8  mM BaClp R in g e r 's  solution on the subse­
quent re le a se  of Ca-45 by norm al R in g e r 's  solution in iso la ted  paired  
desheathed n e rv e s . The experim ental nerves w ere washed out in 
calcium -free R in g e r 's  solution fo r 50 m inutes, then 1 .8  mM BaCl„ was 
added fo r 20 minutes a f te r  which normal R in g e r 's  solution was added 
fo r the rem ainder of the w ashout. C ontrol ne rv es  w ere soaked in cal­
cium -free R in g e r' s solution fo r the f i r s t  50 minutes a f te r  which normal 
R in g e r 's  solution was added fo r the rem ainder of the w ashout. Each 
point is  a  mean of 5 sep ara te  experim ents (5n). The standard  e r r o r  
( -S E )  is  given fo r 2 po in ts. Notations a t the top and bottom of the 
graph re fe r  to the open and closed c irc le s  resp ec tiv e ly .
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R in g e r 's  solution was added to the washout medium before N iC ^  R in g e r 's  

solution the efflux that was usually caused by nickel was eliminated (P ig. 

15). The calcium that nickel was re leas in g  was therefo re  indistinguish­

able from the calcium that barium re le a se d .

D . ATP Measurements

The effect of calcium deficiency on the ATP content of the nerve 

was a lso  investigated . P a irs  of nerves w ere desheathed and one of each 

p a ir  was placed in a  normal R in g e r 's  solution fo r 25 minutes while the 

o ther half was placed in a  calcium -free R in g e r 's  solution. It was 

found that (Table 2a) there  was a  significant d ecrease  in the ATP con­

ten t in nerves that had been exposed to calcium -free R in g e r' s solution 

fo r 25 m inutes. An experim ent was then perform ed to investigate the pos­

sib ility  that any agent which depolarized the nerve would cause a  decrease  

in the ATP content. N erves w ere soaked in 5 mM KCI normal R in g e r 's  

solution fo r 25 minutes and compared to con tro ls which had been soaked 

in normal R in g e r 's  solution (Table 2e). This concentration of KCI causes 

a  depolarization of approximately the same magnitude as  tha t caused by 

calcium -free R in g e r 's  solution. T here was no s ta tis tic a l difference be­

tween the two groups of n e rv e s .

A se r ie s  of experim ents was done using (1 .8  mM) MnClg, S rC lg  

and C o C ^ :R in g e r ' s solution to a sce rta in  if these cations could prevent 

the d ecrease  in ATP content caused by calcium deficiency. No d ifferences 

w ere found between nerves soaked in solutions containing manganese o r 

cobalt and those containing no divalent cation (Table 2b, d). N erves
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F ig . 15. The effect of 1 .8  mM BaClp F in g e r 's  solution on the sub­
sequent re le a se  of Ca-45 by 1 .8  mM m C L  Ringer.4 s solution in  i s o ­
la ted  paired  desheathed n e rv e s . The experim ental nerves w ere washed 
out in calcium -free R in g e r 's  solution fo r 30 m inutes, then 1 .8  mM BaCl„ 
R in g e r 's  solution was added fo r 20 m inutes, a f te r  which 1 .8  mM NiClp 
R in g e r 's  solution was added fo r the rem ainder of the experim ent. Control 
nerves w ere washed out in  calcium -free R in g e r 's  solution fo r the f ir s t  
50 m inutes, then 1 .8  mM NiCU R in g e r 's  solution was added. Each point 
is  a  mean of 3 experim ents (3'Q* Notations a t the top and the bottom of 
the graph re fe r  to the open and closed c irc le s  resp ec tiv e ly .
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Table 2. E ffect of cations on the ATP content of desheathed frog
se rv es  soaked in R inger' s solution fo r  25 m inutes.

Exp.
se t

jf p a irs  of 
nerves tested

R in g e r' s 
solution

uM ATP 
/gm  wet w t. Significance

a 12
0-C a++

1 .8  mM CaCU 
(normal R .)

0 .625 ^0.05 

0 .785 i d . 11
P <  0.0005

b 6
0-C a++

1.8mNJ_<poCl2-  
O—Ca,

0 .9 4 2 ^ 0 .0 6  

0 .978 -0 .0 7

P ’CO.IO

c 7
0-C a++

1 .8  mM S rC l0-  
0 -C a++ 2

0 .9 8 5 2 ^ 0 .0 5  

0.8544 -0 .0 2
P < 0 .0 0 5

d 5
0-C a++

1 .8  mMMnCl-- 
O-Ca *

0 .9 6 2 -0 .1

0 .8 6 8 ^0 .0 8
P < 0 .2 0

e 5

1 .8  mM CaClp- 
(normal R .)

1 .8  mM CaCl0+ 
5 mM KCI *

0 .7877-0 .15  

0 .722^0.17
P < 0 .2 5



-4 8 -

which were soaked in SrC ]^ R in g e r 's  solution showed a significant de­

c re a se  in ATP content as compared with contro l nerves soaked in  cal­

cium -free R in g e r 's  solution (Table 2c).

II The Effect of V ariations in  Hydrogen Ion Concentration

A . Spontaneous D ischarge and Action Potential Amplitude

The effect of changes in hydrogen ion concentration on both spon­

taneous activ ity  and the action potential amplitude was studied. N erves 

w ere placed in calcium -free R in g e r 's  solution whose pH varied  from 

4 .6  to 9 .9 . Both spontaneous activ ity  and the action potential amplitude 

w ere m easured every 5 m inutes. F igure  14 summarizes the effect of 

changes in pH on both the spontaneous activ ity  and evoked potentials 

a f te r  25 minutes in the te s t solution. At pH 9 .9  both spontaneous activ ity  

and the evoked spike w ere reduced a f te r  25 m inutes, while a t pH 5 .5  

spontaneous d ischarge was significantly  reduced with little  o r  no effect 

on the action potential. At pH 4 .6  spontaneous d ischarge was completely 

abolished and the evoked spike was only slightly modified. The optimum 

pH range fo r spontaneous d ischarge is  from 6 .0  to 8 .0  while that fo r the 

action potential is  b ro ad e r. The pH of nerves soaked in norm al R in g e r 's  

solution was varied  from 5 .5  to 8 .0  and no effect on the action potential 

height was noted.

B . Calcium-45 Efflux Study

A Ca-45 efflux experim ent was done to investigate the possib ility  

that an in c rease  in hydrogen ion concentration may cause a  re le a se  of
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calcium from the n e rv e . N erves were washed out in calcium -free Ring­

e r ' s  solution pH 7 .2  fo r  30 minutes a fte r which the pH of the medium was 

changed to pH 4 .6 .  No in c rease s  in the ra te  of calcium-45 efflux was 

found when compared to control nerves which had been washed out in 

calcium -free R in g e r 's  solution pH 7 .2 .

Ill The Effects of Choline Chloride R in g e r 's  Solution and of 

Tetrodotoxin

A. Spontaneous D ischarge and Action P otentia l Amplitude

N erves which had been in calcium -free medium fo r 5 minutes and 

w ere spontaneously firing  w ere placed in a  calcium -free R in g e r 's  solu­

tion containing 1 x 10- ^ gm/ml (3 x 10” ^ M) of tetrodotoxin (TTX). This 

concentration of TTX immediately abolished spontaneous d ischarge  while 

the action potential was unaffected. Even a f te r  40 minutes in TTX solution 

the amplitude of the action potential was unaffected (F ig . 15). H igher ccn - 

cen tra tions of TTX (1 x 10~ gm/ml, 3 x 10~ M) in calcium -free R in g e r' s 

solution abolished the evoked spike as well as spontaneous activ ity .

To investigate the effect of removing the ex ternal sodium on spon­

taneous d ischarge  the action of choline chloride R inger' s solution was 

te s ted . When nerves w ere desheathed and placed in calcium -free choline 

chloride solution spontaneous activity did not occu r. A fter 5 minutes the 

amplitude of the evoked spike was reduced to 23 p e r cent a s  compared to 

45 p e r cent in control nerves in calcium -free R in g e r' s solution and gradu­

ally  declined until it was abolished a f te r  15 m inutes. If nerves w ere re tu rned  

to calcium -free R in g e r 's  solution containing sodium, spontaneous activity
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F ig . 16. Effect of pH on the p e r  cent spontaneous activity  (shaded 
bars) and the p e r cent action potential amplitude (white bars) in calcium 
deficient nerves a f te r  25 minutes in  each te s t pH. B ars a re  the mean 
of a t le a s t 6 sep ara te  experim ents. The standard  e r r o r  (-SE ) is  given 
fo r each b a r .
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F ig . 17. Time course  of action of 10”^ gm/ml of TTX (solid lines) 
in  calcium -free R in g e r 's  solution on the p e r cent spontaneous d is­
charge and action potential amplitude in nerves previously exposed to 
calcium -free medium fo r 5 m inutes. The time course of the action of 
calcium -free R in g e r 's  solution (dotted line) on the p e r  cent spontaneous 
activity  and action potential amplitude is  a lso  shown. Each point is  a 
mean of 6 sep ara te  experim ents.
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developed and the evoked spike was re s to re d .

B. Calcium-45 Efflux Study

A calcium -45 efflux study was perform ed in which the nerves w ere 

f i r s t  washed out in  calc ium -free medium fo r 50 minutes and then 1 x 10- ^ 

gm/ml of TTX was added. No effect on the ra te  of calcium-45 efflux was 

found when compared to contro l nerves which w ere washed out in calcium - 

free  R in g e r 's  solution.

IV The Effects of Metabolic Inhibitors

A. Spontaneous D ischarge and Action P otentia l Amplitude

1. 2 , 4  Dinitrophenol (DNP)

A study was made of the action of 1 mM DNP in calcium -free 

R in g e r 's  solution (pH 6.0)*  on nerves which had previously been exposed 

to calcium -free medium fo r 5 m inutes. Spontaneous d ischarge was abolished 

within 25 minutes of exposure (F ig. 18). At the time that spontaneous activ­

ity  was abolished the height of the e lic ited  action potential was equal to 

that of control nerves which had been soaked in calcium -free R in g e r' s so­

lution (pH 6.0) fo r the same time in te rv a l. Spontaneous activ ity  did not r e ­

appear in nerves which had been exposed to DNP in calcium deficient medium 

fo r 25 minutes and w ere re tu rn ed  to calcium -free R in g e r 's  solution without 

DNP for 10 m inutes. This indicated that the action of DNP on spontaneous

* PH 6 .0  was used in  these  experim ents because i t  had previously 
been shown that a t higher pH values DNP has little  o r  no effect, presum ­
ably because i t  is  more perm eable a t low er pH values (S hanes, 1958).
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nvNitrophenoJ A eJbt

F ig . 18. The time course  of the action of 1 mM DNP (solid line) and 
1 mM m -nitrophenol (dotted line) in calcium -free R in g er' s solution on 
the p e r cent spontaneous d ischarge and action potential amplitude in 
nerves previously exposed to calcium -free R in g e r 's  solution fo r 5 
m inutes. Each point is  a mean of 6 separa te  experim ents. The standard  
e r r o r  ( -S E ) is  given fo r each point.
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d ischarge may be ir r e v e rs ib le . The antagonism of spontaneous discharge 

by DNP was studied a t a number of concentrations and a  reg re ss io n  line 

was determ ined (F ig . 19).

A se r ie s  of experim ents w ere done to investigate the effect of 

m -nitrophenol on spontaneous d isch arg e . The re su lts  w ere sim ilar to 

those found with DNP. At a  concentration of 0 .5  mM m -nitrophenol i r ­

rev e rs ib ly  abolished spontaneous activ ity 'in  20 m inutes. The effect of 

1 mM m -nitrophenol is  shown in F igure 18. M -nitrophenol abolishes 

spontaneous d ischarge more rap id ly  than the same concentration of DNP.

In a second s e r ie s  of experim ents desheathed nerves w ere f ir s t  

soaked in normal R in g e r 's  solution containing 1 mM DNP at pH 6 .0  fo r 

25 m inutes. (This soaking time corresponds to the time req u ired  fo r DNP 

to abolish spontaneous d ischarge in a  calcium -free R in g e r 's  so lu tion .)

The nerves w ere then placed in a  calcium -free R in g e r 's  solution and the 

spontaneous activ ity  and action potential amplitude w ere m easured. In 

contro l experim ents nerves w ere exposed to a  normal R in g er' s solution 

a t pH 6 .0  fo r 25 minutes and then placed in calcium -free solution. The ef­

fect of the absence of sodium in the ex ternal medium during exposure to 

DNP on the ability  of DNP to prevent spontaneous d ischarge was studied. 

N erves presoaked in 1 mM DNP in choline chloride R in g e r 's  solution, 

failed  to develop spontaneous d ischarge while the control nerves which 

had been placed in choline chloride R in g er' s solution fo r 25 minutes did 

develop spontaneous d ischarge when placed in calcium -free R in g er' s solu­

tion . The action potential of nerves soaked in choline chloride R inger's  

solution containing 1 mM DNP disappeared a s  did control nerves soaked
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F ig . 19. C oncen tration-response re g re ss io n  lines fo r antagonism of 
spontaneous d ischarge  by FFDNB, DNP and NaAz. Each point is  a 
mean of a t le a s t 6 sep ara te  experim ents. The standard  e r r o r  (-SE) 
is  given fo r each point.
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in choline chloride R inger' s solution but upon the addition of Na to the 

solutions the action potential reap p ea red .

2 . Sodium Azide

The effect of sodium azide (NaAz), an inh ib ito r of the cytochrome 

chain , on spontaneous d ischarge  was studied . N erves which had previ­

ously been exposed to calcium -free R in g e r 's  solution fo r 5 minutes and 

w ere spontaneously firing  w ere placed in a  calcium -free medium contain­

ing from 5 .0  to 25 .0  mM NaAz. Spontaneous activ ity  was abolished within

30 minutes in 25 mM NaAz without a  significant effect on the evoked sp ike.

A fter 30 minutes NaAz was washed out but spontaneous activ ity  did not 

re ap p ea r during the next 10 m inutes. A dose response curve and re g re s ­

sion line a re  shown in  F igure 19. The slope of the reg re ss io n  line was 

significantly d ifferen t from that of DNP (P<D.01).

3 . N itrobenzene D erivatives

The effect of sev era l nitrobenzene derivatives on the calcium de­

ficient nerve w ere te s ted . 1 ,5  difluoro 2 ,4  dinitrobenzene (FFDNB) (0.1 

to 0 .3  mM), 2 ,4  dinitrofluorobenzene (FDNB) (0.45 mM) and m -fluorn itro - 

benzene (FNB) (3.0 mM) w ere a ll found to antagonize spontaneous activ ity  

caused by calcium deficiency. The dose response  curve fo r FFDNB was 

made and a  le a s t squares re g re ss io n  line is  shown in F igure  19. The 

slope was s im ilar to that of DNP. Dose response  studies of the actions 

of FDNB and FNB w ere attempted but re su lts  w ere im possible to in te rp re t 

because of the rap id  breakdown of these agen ts.
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4 . O ther Agents

The ab ility  of sev e ra l o ther compounds to antagonize spontaneous 

d ischarge was investigated . Parachlorom ercuribenzoic acid (PCMB) 

and N-ethylmaleimide (NEM), both sulfhydryl re a g e n ts , w ere found to be 

nonspecific antagonists of spontaneous d ischarge since they significantly 

reduced the action potential amplitude a t the time that spontaneous d is­

charge was antagonized. As would be predicted  the effects of both of 

these agents w ere prevented by the addition of equimolar concentrations 

of cysteine to the R in g e r 's  solution. KCN (l mM) was able to antagonize 

spontaneous activ ity  within 30 minutes without affecting the evoked spike 

which was abolished only a f te r  3 ho u rs . A rsenic acid (10 mM), ouabain 

(1 mM) and carbonyl cyanide m -chlorphenyl hydrazone (65um) w ere a ll non­

specific in th e ir  action , i . e . ,  the action potential was also  reduced .

B. Dem arcation Fbtential M easurements

1. 2 ,4  D initrophenol (DNP)

Experim ents were done to  te s t the action of 1 mM DNP in both norm­

al and calcium -free R in g e r 's  solution on the dem arcation potentia l. A fter

equilibration in a  normal R in g e r' s solution the section of nerve in compart­

ment C was soaked in e ith e r a  calcium -free R in g er' s solution o r  a normal 

R in g e r 's  solution containing 1 mM DNP at pH 6 .0  fo r 25 m inutes. F o r 

control experim ents the solution in compartment C was rep laced  by cal­

cium -free R in g e r 's  solution a t pH 6 .0 . The re su lts  (F ig . 20) indicate 

that the nerves which w ere exposed to 1 mM DNP in normal R in g er' s solu­

tion gradually depolarized during the 25 minute exposure. At 20 minutes



-5 8 -

-15
1 mM DNP OCrf*R.

-15

-05 1 mM DNP Normal R.

-14

-05

Minutes

F ig . 20. The effect of 1 mM DNP in  both calcium -free R in g e r 's  
solution (0-Ca++) and normal R in g e r' s solution on the dem arcation 
potential of frog n e rv e s . Control nerves in  calcium -free R in g e r 's  
solution (X 's) a re  also  shown. Each point is  a mean of 6 sep ara te  
experim ents. The standard  e r r o r  (-SE ) is  given fo r each point.
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the change in the dem arcation potential was - 1 .0  - 0 .0 6  mv. The control 

nerves which had been placed in the calcium -free medium rapid ly  depolar­

ized (within 2-5 minutes) reach ing  a  maximum value of - 0 .7 5 - 0 .0 2  mv 

which was maintained fo r the 25 minute te s t period . During the f i r s t  5 

minutes of the experim ent the nerves which w ere placed in the calcium - 

free  R in g e r 's  solution containing 1 mM DNP had a g re a te r  depolarization 

( - 1 .0 - 0 .0 5  mv) than nerves in calcium -free R in g e r 's  solution alone.

The depolarization then decreased  so that a fte r 20 minutes it  was actu­

ally  a t a  low er level than that found in control n e rv e s . From the data it  

is  evident tha t DNP gradually depolarizes nerves in normal R in g e r 's  so­

lution but when nerves a re  exposed to calcium -free R in g e r 's  solution 

DNP causes a  tran s ien t in c rease  in the depolarization norm ally seen .

The effect of 0 .5  mM m -nitrophenol on the dem arcation potential 

in  calcium -free R in g e r' s solution and in normal R in g er' s solution was 

a lso  examined. M -nitrophenol did not significantly a l te r  the dem arcation 

potential.

2 . Sodium Azide

Dem arcation potential measurements w ere made on nerves exposed 

to 25 mM NaAz. N erves which w ere placed in normal R in g e r 's  solution 

containing 25 mM NaAz gradually depolarized reaching  a value of -1 .0  -

0 .04  mv a f te r  20 minutes in the inh ib ito r (F ig . 21). N erves which w ere 

exposed to 25 mM NaAz in calcium -free R in g e r 's  solution also  depolar­

ized but th is depolarization was much la rg e r .  A fter 20 minutes they 

reached a  value of - 1 .6 - 0 .0 7  mv. This value is  approximately equal to
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F ig . 21. The time course  of the action of 25 mM NaAz in both calcium - 
free  R in g e r 's  solution and normal R in g e r 's  solution on the dem arcation 
potential of frog  n e rv e s . The time course  of the action of calcium -free 
R in g e r 's  solution (dotted line) on the dem arcation potential is  a lso  shown. 
Fjach point is  a mean of 6 separa te  experim ents. The standard  e r r o r  
( -S E ) is  given fo r each point.
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the sum of depolarizations caused by 25 mM NaAz in normal R in g e r' s  so­

lution and that caused by calcium deficiency. It is  evident that NaAz 

causes depolarization of nerve in both normal and calcium -free so lu tions.

C . Calcium-45 Efflux S tudies

1. 2 ,4-D initrophenol (DNP)

It has previously been shown that DNP (1 mM) causes an in c rease  

in  the efflux of calcium-45 into calcium -free R in g e r 's  solution in the frog 

nerve (B. A ltu ra , 1968). An efflux study was done to investigate the pos­

sib ility  that previous exposure of a  nerve to DNP could effect calcium 

binding and th e re fo re  the calcium efflux when the nerve was placed in 

calcium -free R in g e r 's  solution. This experim ent was undertaken because 

the re su lts  p resen ted  e a r l ie r  showed that presoaking the nerve in  DNP 

will prevent spontaneous activ ity  from developing in  calcium -free medium. 

N erves w ere washed out in 1 mM DNP normal R in g e r 's  solution pH 6 .0  

fo r the f i r s t  30 minutes and then in a  calcium -free R in g er' s solution fo r 

the rem ainder of the te s t p e rio d . Control nerves w ere washed out in 

normal R in g e r 's  solution pH 6 .0  fo r the f i r s t  30 minutes and then calcium - 

free  R in g e r 's  solution was added. T here was no detectable difference 

between the two se ts  of n e rv e s .

2 . Sodium Azide

N erves w ere washed out in calcium -free R in g er' s solution fo r 30 

minutes and then exposed to a  calcium -free solution containing NaAz (25 

mM). Control nerves w ere exposed to calcium -free R in g e r 's  solution fo r
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the en tire  experim ent. The re su lts  (F ig . 22) indicate that exposure to 

NaAz does in c rease  the ra te  of calcium-45 efflux from the calcium de­

ficient nerve and that th is in c rease  is  maintai ned over the 50 minutes 

of the exposure .

D . ATP M easurements

The effect of DNP (1 mM) on the ATP content of the calcium de­

ficient nerve was examined. N erves which had been exposed to DNP pH 

6 .0  fo r 25 minutes in calcium -free R in g e r 's  solution had s ta tis tica lly  

low er ATP content (P-CO.Ol) than control nerves exposed to calcium -free 

R in g e r 's  pH 6 .0  fo r 25 minutes (Table 5a). N erves exposed to 25 mM 

NaAz o r  0 .45 mM FFDNB fo r 25 minutes a lso  showed a  significant reduc­

tion in ATP content (P<0.01 and P<0.01 respective ly) when compared to 

the control groups in calcium -free R in g er' s solution (Table 5 b -c ).
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F ig . 22. The effect of 25 mM NaAz in calcium -free R in g e r 's  solution 
on the ra te  coefficient of Ca-45 efflux in p a ired  frog  n e rv e s . E xperi­
mental nerves (closed c irc le s )  w ere washed out in  calcium -free R inger's  
solution fo r the f i r s t  30 minutes a f te r  which NaAz was added. Control 
nerves (open c irc le ) w ere washed out in calcium -free R in g e r 's  solution 
fo r the en tire  experim ent. The legends a t the top and the bottom of the 
graph re fe r  to the closed and open c irc le s  re sp ec tiv e ly . Each point is  
a  mean of 3 sep ara te  experim ents. S tandard e r ro r s  a re  given fo r the 
la s t half of the experim ents.



Table 3 . Effect of metabolic inhib itors on the ATP content of desheathed 
frog  nerves soaked in  calcium -free R in g e r 's  solution fo r 25 m inutes.

Exp. § p a irs  of Metabolic Inhibitor uM ATP/gm Significance 
se t nerves te sted  wet w t.

a 9
Control 

1 mM DNP

0.997 -  0 .05  

0 .648 ± 0 .10
P 0.01

b 8
Control 

25 mM NaAz

0.934 -  0 .04  

0 .810 -  0 .04
P 0.01

c 6
Control

0 .45  mM FFDNB

1 . 1 1 -  0 .08  

0 .819 -  0 .06
P 0.01



DISCUSSION

The actions of compounds which selec tive ly  antagonize spontaneous 

d ischarge  in  calcium deficient desheathed sc ia tic  nerves w ere studied. 

Compounds which dep ress  both the action potential and spontaneous d is­

charge a re  nonspecific an tagon ists . Nonspecific inh ib itors com prise a 

wide v arie ty  of agents which cause inexcitability  (including stry ch n in e , 

iodoacetate , ethanol and many o ther poisons). Agents that antagonize 

spontaneous d ischarge a t a  time when the action potential amplitude is  un­

affected a re  considered selective an tagon ists . Spontaneous d ischarge can 

be selectively  antagonized by in creasing  e ith e r the threshold  of excitation 

o r  the membrane re s is ta n c e . A decrease  in e ith e r of these param eters 

fac ilita tes  spontaneous activ ity  (Toman, 1952). Antagonists may be acting 

d irec tly  o r  ind irec tly  on membrane s ite s  which normally bind calcium , 

thereby in c reasin g  membrane re s is ta n c e  a n d /o r th resho ld .

It has been proposed that calcium ex e rts  i ts  effects on the excit­

able membrane by binding to negative membrane s ite s  (Hodgkin and F ran k - 

enhauser, 1957; T obias, 1964; Koketsu, 1965). The re su lts  of the studies 

on antagonists of spontaneous d ischarge in calcium -free medium will be 

d iscussed  with re fe ren ce  to th e ir  possible  actions on these s i te s .  It is  

N postulated tha t the divalent cations te s ted , TTX and hydrogen ion a re  

acting on these s i te s .  The way they might influence calcium binding s ites  

will be d iscu ssed . The action of a  number of metabolic inh ib ito rs was

-6 5 -
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also  studied and it  was proposed that they a re  acting through a  metabolic 

effect which in tu rn  influences excitab ility .

The in te rp re ta tion  of the action of the agents studied bn the sci­

atic nerve is  complicated by the fact that the m easurem ents of both action 

potentials and spontaneous d ischarge involve the averaging of a  la rge  

number of re sp o n ses . The m easurem ents made of spontaneous discharge 

a re  actually an average of a  la rge  number of unsynchronized action poten­

tia ls  and do not m easure the underlying membrane changes involved in  ex­

citation (local oscilla tions). It is  not possib le to m easure the frequency 

of the individual neurons which a re  firing  in th is experim ental se t up. 

F u rth e r experim ents done to te s t the action of these antagonists on single 

fiber p repara tions would therefo re  be valuable in determ ining th e ir  site 

of action on the excitable membrane.

I D ivalent Cations

The ability  of a  number of divalent cations to ac t as  calcium sub­

stitu tes  was tested  on the following param eters: inhibition of spontaneous 

d isch a rg e , repo larization  of the calcium deficient n e rv e ; re le a se  of C a- 

45 from the ne rv e , and a  change in the ATP content of the ne rv e . It was 

hoped that by determ ining which cations could substitute fo r calcium more 

could be learned  about the ro le  of calcium in nerve excitation and (more 

specifically) its  binding s ite s  on the membrane.

The transition  m etals that w ere tested  (Mn, Co, N i, Zn) w ere more 

effective antagonists of spontaneous d ischarge than the a lkali earth  m et­

a ls  (Ba, S r ,  Mg). Barium, in fac t, did not completely antagonize
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spontaneous d ischarge even a t a concentration of 1 .8  mM. This is  su r­

p ris ing  since o ther w orkers m easuring Na and K conductances and the ra te  

of r is e  of the action potential have found that barium is  a  very  effective 

calcium substitu te  in the lo b s te r axon (B laustein and Goldman, 1968 and 

Hafemann, 1969a). The discrepancy between the action of barium as an 

antagonist of spontaneous activ ity  in the desheathed frog nerve and its  

effects on the lo b ste r axon may re su lt  from the fac t that calcium deficiency 

is  not identical in the two system s -  i . e . , the lo b s te r axon does not a l­

ways exhibit spontaneous d ischarge and depolarization as  does the frog 

nerve (Adelman, 1956). It a lso  must be noted tha t d ifferen t param eters 

w ere m easured in these studies and i t  is  possib le  that different mechan­

ism s a re  operative in each c a se . Both B laustein and Goldman (1968) and 

Hafemann (1969) found that the transition  metals could also  substitu te for 

calcium in  the lo b s te r axon, although Hafemann rep o rted  that axons became 

inexcitable a fte r 50 minutes in solutions containing transition  m etals.

A number of w orkers have postulated that calcium binding to neg­

ative phospholipid and pro tein  s ite s  on the membrane plays an im portant 

ro le  in excitation (Tobias, 1964, Koketsu, 1965, Adelman and D alton, 

1960), The cations which a re  antagonists of spontaneous d ischarge a re  

probably acting by e ith e r binding to negative membrane s ite s  o r  by in­

d irec tly  affecting the binding of calcium to these s i te s . Some p ro perties  

of the cations tested  a re  lis ted  in Table 4 . T here is  a  co rre la tio n  between 

the cations that a re  the most effective antagonists of spontaneous discharge 

and th e ir ionic ra d ii .  Of the cations with ionic rad ii sm aller than calcium, 

.those most effective have ionic rad ii most sim ilar to calcium . Strontium
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and barium which a re  very  weak an tagon ists , have ionic ra d ii which a re  

la rg e r  than calcium .

The b est antagonists of spontaneous d ischarge (Co, Mn, e tc .)  bind 

more strongly  to N, S and O ligands than o ther cations (M artell, 1961).

Mn, Co, Ni and Zn p re fe r  n itrogen  ligands while C a, B a, S r  and Mg 

p re fe r  oxygen ligands (Williams, 1961). B laustein and Goldman (1968) 

postulate that the d ifferences they observed between the effects of cations 

on the lo b s te r axon w ere probably due to d ifferences in the ra te  constants 

of d issociation  and association  from membrane s i te s .  The re su lts  from 

the experim ents on the desheathed frog nerve may also  be in te rp re ted  in 

th is  way. The fac t that Co, Mn and Ni bind more strongly  to both O and N 

ligands would mean that they d issocia te  more slowly than calcium from 

these  s i te s . This would inhibit spontaneous d ischarge if the d issociation  

of a  divalent cation from membrane s ite s  was involved in spontaneous d is­

ch arg e . S ev era l w orkers have proposed tha t the d issociation  of a  divalent 

and the association  of a  monovalent cation is  n ecessa ry  fo r excitation (To­

b ia s , 1964 and Koketsu, 1965).

By m easuring the dem arcation potential in the calcium deficient 

n e rv e , a  co rre la tio n  was found between the ability  of a  cation to antagonize 

spontaneous d ischarge and its  ability  to rep o la rize  the n e rv e . It is  note­

worthy that barium did not rep o la rize  the n e rv e , and in fact caused a 

slight depo larization . N ishi, Soeda and Koketsu (1965) noted that barium 

also  caused a  depolarization  in the toad spinal ganglia. They concluded 

tha t barium has a  sodium like action , in tha t i t  can c a r ry  the c u rre n t. It 

has been shown that frog  sympathetic ganglia ce lls  will conduct action



Table 4 . Chemical p ro p e rtie s  of divalent cations tested  fo r th e ir  
ability  to antagonize spontaneous d isch arg e .

Cation Relative 
E ffectiveness 
in Antagonizing 
S p . D ischarge

*
Ionic
Radius
(A0)

*
P re fe rre d
Ligand

/ * s / o n / o

Ca 1.0 0.99 O - 1 .5 0 .0

Mn 1.24 0.78 N +1.9 +2.1

Co 1.69 0.74 N +4.1 +3.9

Ni 2 .9 0.75 N +2.4 +4.4

Zn 4.1 0 .72 N +6.5 +3.6

Mg 5.3 0.66 O -1 .1 40.9

S r 5.3 1.15 O - 1 . 4 - 0 . 2

Ba — 1.37 O - 1 . 2 - 0 . 4

*Hafemann, 1969
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potentials in  isotonic BaClg (Koketsu and N ishi, 1969)*

The re su lts  of calcium-45 efflux studies on the sheathed nerve 

have shown that S r  and Ba re le a se  almost as much calcium as calcium it­

se lf while Mn and Co a re  very  poor calcium re le a s e rs  (A ltura, 1968). 

Experim ents on the desheathed nerve ag ree  with these findings. There 

appears to be no co rre la tio n  between the ability  of a  cation to antagonize 

spontaneous d ischarge and i ts  ability to re le a se  calcium . This may be due 

to the difficulty in detecting a  fraction  of calcium which is  re la ted  to spon­

taneous activ ity . Spontaneous activ ity  occurs within 5 minutes a fte r  im­

m ersion in  calcium -free medium; therefo re  the calcium that is  being re leased  

and which is  im portant in the maintenance of nerve function may be coming 

out during the f i r s t  5 minutes in  calcium -free R in g e r 's  solution. If nerves 

a re  trea ted  with calcium -free medium immediately a fte r  loading with calc i­

um-45 the efflux during the f i r s t  20 minute period is  very  la rg e , the bulk 

is  probably coming from the ex trace llu la r space (Soloway, _et_al., 1955» 

A ltu ra , 1968). Thus any ce llu la r fraction  washed out a t th is time would 

be masked by calcium coming from the ex trace llu la r space .

To eliminate th is problem experim ents w ere done in which nerves 

w ere washed out in normal R in g e r 's  solution fo r 50 minutes p r io r  to add­

ing calcium -free solution. F igu res 1 1 ,1 2  and 15 show the re su lts  of 

these  experim ents. These re su lts  indicate that S r  ac ts  like calcium it­

self (causing the same d ecrease  in tissu e  calcium as nerves washed out 

in  normal R in g er' s solution) while manganese is  a  poor calcium re le a s e r  

(causing a  slight in c rease  in tissu e  calcium as compared to nerves soaked 

in  normal R in g e r 's  solution). These re su lts  a re  in agreem ent with the
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previous findings although the differences between the effects of S r  and Mn 

a re  very  small in th is c a se . This is  probably due to the fac t that washing 

the nerves out in normal R in g e r 's  solution fo r the f i r s t  30 minutes of the 

experim ent enables some of the cell calcium to exchange fo r unlabelled 

calcium by the time calcium -free R in g e r 's  solution is  added.

U nfortunately the re su lts  of these experim ents cannot be in te r­

p re ted  as rep resen tin g  d ifferences in the ability of calcium to exchange 

with S r  and Mn a t calcium binding s ite s  since the flux may s till  be coming 

from ex trace llu la r s i te s . The fac t that the ra te  of calcium-45 efflux is  

changing with time throughout the en tire  washout experim ent indicates 

that the calcium is  coming from a heterogenous compartment (which may 

include any number of s i te s , in trac e llu la r  o r  e x tra ce llu la r) , If the flux 

studies could have been c a r r ie d  out fo r longer (unfortunately the nerves 

begin to degenerate) a time may have been reached in which the ra te  of 

efflux from nerves washed out in calcium -free R in g e r 's  solution would 

become constant and the flux from control nerves in  normal R in g e r' s so­

lution would approach z e ro . The difference in these two curves would 

then re p re se n t bound calcium and the effects of o ther agents on th is  frac ­

tion could be studied.

Although no quantitative conclusions can be reached about the ef­

fects of S r  and Mn on the bound Ca fraction  the re su lts  do agree with p revi­

ous experim ents indicating that S r  is  a b e tte r calcium re le a s e r  than Mn. 

T here may be sev e ra l reaso n s why the effects of divalent cations on 

calcium-45 efflux do not c o rre la te  with th e ir  ability  to antagonize spon­

taneous d isch arg e . It is  possible that the frac tion  of calcium which is
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im portant is  not being detected because i t  is  lo s t too quickly o r  because 

i t  com prises too small a  fraction of the to ta l exchangeable calcium frac ­

tion to be m easured. A fac to r which may also  complicate the in te rp re ta ­

tion of the calcium-45 efflux data is  whether the radioactive calcium was 

completely equilibrated with the total tissue  calcium a t the time the wash­

out experim ents w ere begun. Actual measurements of equilibration fo r 

nerves soaked in 10 ucuries/m l of Ca-45 fo r 5 hours a t room tem perature 

w ere not made but rough estim ates were calculated to be 34 p e r cen t.*

The nerves w ere therefo re  not equilibrated when the washout experim ents 

w ere done. It is  possible that the lack of co rre la tio n  between the flux 

data and the e lec tr ic a l data is  due to the fact that a  compartment of calc i­

um which is  im portant in antagonizing spontaneous d ischarge is  not suf­

ficiently  labelled and therefo re  is  not being detec ted . This is  unlikely 

because the calcium which is  c r itic a l in controlling spontaneous d ischarge 

is  a rap id ly  exchanging frac tion  and therefo re  should be labelled within a 

few mirfutes. The most probable reason  fo r the lack of co rre la tion  between

The p e r cent equilibration = Specific Activity of nerve .
Specific Activity of medium *

The specific activity of the medium = CPM in medium o r
. Total Ca conc.

(10 ucuries)(222 x 10 dpm)(0.76 cpm/dpm)
1 .8  umoles . The values fo r both the cpm

in the ex ternal medium and the to ta l calcium concentration w ere not d irec tly  
m easured and had to be estim ated. The specific activ ity  of the medium was 
89 .3  x 10? cpm/umole. The specific activ ity  of the nerve = CPM in nerve 
o r  61 x 105 cpm/gm tissu e  = 3 0 .5  x 10? cpm Total Ca in nerve

2 umoles umole.
The value fo r the total nerve calcium was not m easured d irec tly  on the nerves 
tested  but was taken from previous measurements in th is labora to ry  (A ltura. 
1968). The p e r cent equilibration of the nerves a fte r  soaking in 10 u c u r ie s /-  
ml of Ca-45 for 3 hours was therefo re  approximately

30 .5  x 1Q? x 100 o r  3 4 $ .
89.3 x 10?
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the effects of the cations tested  on flux measurem ents and th e ir  ability  to 

antagonize spontaneous d ischarge is  that only a  small labile fraction  of 

calcium is  involved in controlling spontaneous d ischarge and th is fraction  

is  not being detected .

G erard  (1932) and Abood (1966) have suggested a  connection be­

tween metabolism and calcium . Abood, _et_al. (1962) found that there  was 

a considerable in c rease  in the efflux of orthophosphate and A.TP from 

bullfrog nerves exposed to e ith e r calcium -free o r  potassium  ric h  medium. 

The finding that the ATP content in  the desheathed nerve d ecreases  a fte r  

a 25 minute exposure to calcium -free medium may be re la ted  to an increased  

efflux of A TP. It is  possible tha t the decreased  ATP content is  due to a 

more d irec t effect of calcium on a  metabolic pathway. It may simply be due 

to increased  nerve activity  during spontaneous activ ity . B rink, e t a l .

(1946) showed that calcium deficiency in c reased  the oxygen consumption 

of n e rv e s . The finding that nerves exposed to 3 mM KC1 R in g er' s solu­

tion did not exhibit a decreased  ATP content indicates that the decrease  

in ATP content in the calcium deficient nerve is  not solely caused by the 

depolarization associated  with calcium deficiency. Abood (1964) found that 

120 mM KC1 low ered the ATP content in bullfrog nerves by 18 p e r  cent but 

that 60 mM KC1 had no effect. A very  large  depolarization by KC1 is r e ­

quired to low er the ATP content in  n e rv es .

The decreased  ATP content in nerves soaked in calcium -free 

medium may be in te rp re ted  in term s of Abood's (1965) theo ry . He pro­

poses the existence of a  Ca-A TP complex in the membrane; depolariza­

tion is  associated  with calcium re le a se  from the membrane, and rup ture
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of the Ca-A TP complex. These events in tu rn  cause a  s tru c tu ra l modifica­

tion in the membrane that somehow leads to an im pulse. According to th is 

view, it is  possib le to see how calcium deficiency, by in c reasin g  the d is­

sociation of calcium from membrane s i te s , could enhance the breakdown of 

ATP and th e re fo re  low er the ATP content of the n e rv e . It has been shown 

by Okamoto, e t a l .  (1964), tha t ATP can antagonize spontaneous activ ity  in 

the calcium deficient desheathed frog  n e rv e . That ATP is  not acting here 

solely by chelating calcium is  obvious since i t  has been shown in  th is  labo r­

a to ry  that o ther calcium ch ela to rs  (e .g . EDTA) do not antagonize spontaneous 

activ ity . It is  possible that the lo ss  of both ATP and calcium may be neces­

sa ry  fo r spontaneous activity  to develop, and if e ith e r is  rep laced  spontane­

ous activ ity  cea se s .

The findings that the addition of 1 .8  mM MnClg o r CoCl^ to calcium 

deficient medium does not preven t the decrease  in ATP content in calcium 

deficient nerves indicates that these cations cannot substitu te fo r calcium in 

th is  c a se . This indicates that the lo ss  of ATP in a  calcium deficient nerve 

may be unrelated to spontaneous repetitive  d isch arg e . The addition of 1 .8  

mM SrC lg  fu rth e r decreased  the ATP content of the n e rv e . This may be 

re la ted  to the fact that addition of strontium  causes an in c reased  re le a se  of 

calcium in calcium -free medium (Ca-45 efflux data) j if a t le a s t some of th is 

calcium is  complexed to A TP, i t  then follows that ATP would also  be re le a se d .

II Hydrogen Ion

Experim ents perform ed to te s t  the effects of changes in hydrogen 

ion concentration on spontaneous d ischarge and the action potential amplitude
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indicated that spontaneous d ischarge was more sensitive to low pH than the 

action potentia l. At a  pH between 5 .5  and 4 .5  spontaneous d ischarge is  

completely antagonized while the action potential is  only slightly  affected . 

Hydrogen ions probably act on negative membrane s ite s  which a re  im portant 

in maintaining spontaneous d isch a rg e . Hille (1968a) studied the effects of 

changes in hydrogen ion concentration on the voltage clamped frog  node of 

R anvier. He found that low pH caused a  positive shift of the voltage de­

pendent param eters of the Hodgkin-Huxley model and also  decreased  the 

sodium conductance. The antagonism of spontaneous d ischarge by low pH 

is  compatible with these findings. H ille suggested that the decrease  in 

sodium conductance was due to the protonation of an acidic group (with a 

pKa of 5 .2) that was n ecessa ry  fo r the functioning of the sodium channel.

The fact that the action potential is  not affected a t a  pH which a n ­

tagonizes spontaneous d ischarge could be explained if some calcium s till 

rem ained on acidic membrane s ite s  protecting them from the increased  hydro­

gen ion concentration . The s ite s  which a re  im portant in controlling spontane­

ous d ischarge in  calcium -free medium probably no longer have calcium bound 

to them and a re  therefo re  protonated a t low pH. Hafemann (1969b) showed 

that high calcium could p ro tec t against the effects of low pH in the lo b s te r 

axon.

Ill Tetrodotoxin and Choline Chloride Ringer*s Solution

Spontaneous d ischarge in calcium -free R in g e r 's  solution is  sup­

p ressed  by TTX (10“ 9 gm/ml) without any effect on the height of the evoked 

sp ike. TTX has been found to block the flow of cations through the tran sien t
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v..

channel in squid axon (Moore, e t a l . , 1967), lo b s te r axon (N arahashi,

1964) and the frog  node of R anvier (H ille, 1968). The effects of TTX on 

spontaneous d ischarge can easily  be explained by i ts  action on the early  

tran s ien t c u rre n t. That spontaneous activ ity  is  antagonized a t a  concentra­

tion which does not affect the evoked spike indicates a  difference in sensi -  

tiv ity  to TTX. It is  possib le  that TTX is  affecting the same membrane s ites  

to which calcium normally binds and thereby antagonizes spontaneous d is­

ch arg e . A number of investigato rs  have shown that the active form of TTX 

is  the cationic form (Camougis, e t a l . , 1967, H ille , 1968b). The finding 

tha t the concentration of TTX which abolishes spontaneous d ischarge does 

not affect the evoked spike could be explained if few er negative membrane 

s ite s  need to be bound by TTX fo r spontaneous d ischarge to be antagonized 

than fo r the action potential to be abolished. Only a  percentage of membrane 

calcium is  probably lo s t in calcium -free medium. The lo s t calcium might by 

changing membrane configuration cause the fu rth e r loss of calcium , in c reas­

ing membrane perm eability and causing excitation . The binding of TTX to 

these  s ite s  in  calcium -free medium could antagonize the resu ltin g  excitation. 

During the evoked spike the in itia l stimulus probably causes the re le a se  of 

more membrane calcium so that more negative s ite s  must be blocked by TTX.

It has been proposed that hydrogen ions a re  affecting the same nega­

tive s ite s  a s  TTX (H ille, 1968b). Both of these  cations affect the sodium 

channel and i t  is  possib le that they a re  acting on an acidic group that is  

p a rt of th is channel. It is  in te re stin g  that both agents a re  capable of an­

tagonizing spontaneous d ischarge before the evoked spike is  affected.

The experim ents with choline chloride R in g er1 s solution indicate
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that the p resence  of sodium in  the ex ternal solution is  n ecessa ry  fo r spon­

taneous d ischarge to o ccu r. This is  expected since the en try  of sodium o r 

some o ther cation is  needed fo r excitation. Wright and Tomita (1965) r e ­

ported  a requirem ent of 5 .5  Na to 1 Ca in the ex ternal medium fo r spontane­

ous activity  in the lo b s te r axon. It takes about 10 minutes to abolish the 

evoked spike in sodium -free R in g er’s solution while spontaneous discharge 

is  immediately antagonized. This delay may be caused by the p resence  of 

some sodium in the ex trace llu la r sp ace .

IV Metabolic Inhibitors

It has previously been rep o rted  that DNP and azide antagonize 

spontaneous d ischarge in the frog  nerve (A ltura, 1968). O ther metabolic 

inh ib ito rs tested  which selectively  antagonized spontaneous d ischarge were 

fluoronitrobenzene d eriv a tiv es, m -nitrophenol and KCN. All of these agents 

can inhibit metabolism. DNP and m -nitrophenol a re  uncouplers of oxidative 

phosphorylation, KCN and NaAz inhibit re sp ira tio n  and fluornitrobenzene 

derivatives covalently bind to p ro te ins and ce rta in  lipids to form stable 

derivatives (Cooke, _et a l . , 1969) > thereby inactivating enzymes.

It is  tempting to propose that these agents a re  acting by inhibiting 

the Na-K pump which maintains the res tin g  potential in nerves since th is is  

the only known link between metabolism and excitability  (Hodgkin, 1964). 

Using radioactive tra c e r s  Hodgkin and Keynes (1955) showed that DNP, 

azide and cyanide inhibited the Na-K pump in lo b s te r and squid axons.

These agents also  abolish post tetanic hyperpolarization in nonmyelinated 

nerve fibers  (den H ertog and R itch ie, 1969). However, i t  is  difficult to
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explain antagonism of spontaneous d ischarge by these  agents through th e ir 

effect on the Na-K pump without a p a ra lle l action on the evoked sp ike. In­

hibition of the Na-K pump should lead  to the passive dissipation of the sodium 

and potassium  gradient and therefo re  to inexcitability  without selectively  

abolishing spontaneous d isch arg e . If the accumulation of sodium inside o r 

potassium  outside the axon is  responsib le  in  some way fo r the antagonism 

of spontaneous d ischarge a  change in the re s tin g  potential should be seen . 

Although NaAz does have a  depolarizing action on n e rv e s , DNP only slightly 

depolarizes the nerve and m -nitrophenol has no detectable effect. Spontane­

ous d ischarge in sodium -free medium should not be inhibited by these agents 

if  the accumulation of sodium within the fib e rs  was involved. N erves p re ­

soaked in choline chloride R in g er1 s solution containing 1 mM DNP failed 

to develop spontaneous d ischarge ju s t as  those presoaked in normal R in g e r 's  

containing 1 mM DNP even though osc illa to ry  behavior may s till  be p re sen t. 

M oreover, ouabain which in te rfe re s  with the active tran sp o rt of sodium in 

nerves (Skou, 1965) antagonizes both spontaneous d ischarge and the evoked 

spike a t the same tim e. If an effect on the Na-K pump w ere the mechanism 

by which a ll the o th er inhib ito rs w ere acting ouabain would probably be a 

selective  antagonist of spontaneous d ischarge a lso . T h ere fo re , a  d ifferent 

in te rp re ta tion  of the action of these  agents is  n ecessa ry .

It has been rep o rted  in squid axons (S egal, 1968) and frog  nerves 

(Schoepflie and Bloom, 1959) that metabolic inhib itors affect excitability  

through a metabolic action tha t does not involve the Na-K pump. Segal 

(1968) investigated the effects of DNP and cyanide on the surv ival time of 

excitability in squid axons and concluded that these  agents w ere not acting
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only by inhibiting the Na-K pump but have a  more d irec t action on metabolism 

since they a re  effective in sodium -free medium. These investigato rs also  

found that axons placed in solutions containing ouabain survived twice as 

long as those in metabolic in h ib ito rs. Schoepflie and Bloom (1959) proposed 

that CN and DNP depressed  the sodium conductance in the frog  nerve through 

an action on oxidative metabolism. They found that single nerve fib e rs  ex­

posed to these agents exhibited a 10 p e r cent reduction in spike height 

a fte r 30 m inutes. These findings d isag ree  with the re su lts  of the p resen t 

studies on the effects of cyanide and DNP on the desheathed scia tic  n e rv e . 

Schoepflie and Bloom (1959) found a  10 p e r cent reduction in spike height 

with these agen ts . This reduction is  very  small and may not be significant 

since contro ls and standard e r ro r s  w ere not shown. Experim ents on the 

ability  of these agents to d ep ress  spontaneous d ischarge w ere perform ed 

on nerves in calcium -free solution. T herefore  the spike height was reduced 

even before the inhibitor was added. It is  possible that the depression  

caused by calcium deficiency masked any slight effect that may have been 

seen during th is time period .

The possib ility  ex ists  that a metabolic effect is  not involved and that 

these agents antagonize spontaneous d ischarge through a d ire c t action on 

e ith e r axoplasmic o r membrane s ite s  which control ionic changes during 

spontaneous activ ity . Cooke, e t a l .  (1968), studied the action on nitroben­

zene derivatives on the squid and lo b ste r axons. FFDNB and FDNB abol­

ish  action potentials in these axons in 20-30 minutes without affecting the 

re s tin g  potential o r membrane re s is ta n c e . It was concluded that these 

agents act prim arily  on the cation perm eability changes underlying excitation
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and secondarily  on the re s tin g  potential o r  the metabolism of the nerve be­

cause o ther known metabolic inhibitors ( i . e . , cyanide) do not affect the 

action potential of these axons (Hodgkin and K eynes, 1955). This type of 

reason ing  cannot be used in the p re sen t case  since metabolic inhibitors 

such as DNP, azide and cyanide as well a s  fluoronitrobenzene derivatives 

inhibit spontaneous d isch arg e . It seems unlikely that these compounds which 

a re  a ll very  d ifferent chemically could produce a  sim ilar chemical reaction  

on c r itic a l s i te s . It is  much more likely that they a re  acting by inhibiting 

metabolic pathways which a re  n ecessa ry  fo r the maintenance of spontaneous 

d isch arg e , although the possib ility  that any number of them ex ert a  more di­

re c t  action on the nerve cannot be excluded.

At le a s t a  20-30 minute exposure to each of these agents is  neces­

sa ry  to completely antagonize spontaneous d isch arg e . D ivalent cations an­

tagonize spontaneous d ischarge within 1-2 m inutes. The slow action of these 

inhib ito rs im plies an in d irec t effect although i t  is  possible that they a re  act­

ing d irec tly  on axoplasmic s ite s  and perm eability b a r r ie rs  prolong th e ir 

action . It is  unlikely that they a re  acting d irec tly  on membrane s i te s .

The mechanism of action of these inh ib itors may involve a re le a se  of 

calcium . DNP, azide and cyanide re le ase  calcium from the squid axon (Rojas 

and Hidalgo, 1968) and from the frog  nerve (A ltura, 1968). B laustein and 

Hodgkin (1969) postulate that the re le ase  of calcium from the squid axon by 

cyanide may be caused by a  re le a se  of intram itochondrial calcium flooding 

the axoplasm. The metabolic inhibitors tested  in this system  may ac t on 

oxidative metabolism in such a  way that calcium is  re leased  from mito­

chondria increasing  membrane calcium and therefo re  inhibiting spontaneous
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d isch arg e . The efflux study in which nerves w ere f i r s t  washed out in 

normal R in g e r1 s solution with DNP (1 mM) and then calcium -free R in g er' s 

solution showed that presoaking in DNP did not affect the calcium efflux 

into calcium -free medium. If these  agents w ere acting to re le a se  in tra -  

axonal calcium an in c rease  in the calcium efflux might be seen .

ATP m easurem ents show that NaAz (25 mM), DNP (1 mM) and 

FFDNB (.45 mM) a ll significantly decreased  the ATP content of frog  nerves 

within the same time period that spontaneous d ischarge was inhibited. 

Whether these two phenomena a re  d irec tly  re la ted  cannot be definitely de­

cided on the basis  of the experim ents. It could be argued as unlikely that 

the lo ss  of ATP can inhibit spontaneous d ischarge since the addition of exo­

genous ATP to the medium effectively antagonizes spontaneous activ ity . But 

exogenous ATP may have quite a d ifferent effect on the nerve than in ternally  

produced A TP. The d ecrease  in ATP content in nerves exposed to meta­

bolic inhib ito rs could be due in p a rt to the re le a se  of calcium caused by 

these agen ts . If calcium and ATP a re  linked together on the membrane as 

Abood (1965) suggests then the re le a se  of one of these may in tu rn  re le ase  

the o th e r.

In summary, the antagonism of spontaneous d ischarge by these  in­

hib ito rs may be caused by e ith e r an effect on metabolism o r  a  d ire c t chemical 

in teraction  with axoplasmic s i te s .  It does not, how ever, appear to be by 

d irec t action on the membrane. It is  postulated tha t a  metabolic effect is  

involved because of. the long time course  of action of these agents and the 

varie ty  of d ifferent inh ib ito rs which a re  effective. G erard  (1932) has sug­

gested that calcium links electrochem ical p ro c e sses  to metabolism in  n e rv e s .
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If so , lo ss  of calcium , which in c re a se s  excitab ility , may a lso  significantly 

activate metabolic pathw ays. This activation may be a  req u is ite  fo r spon­

taneous activ ity . If th is is  tru e  the addition of metabolic inh ib ito rs to a 

spontaneously active nerve would antagonize spontaneous d ischarge  by 

inhibiting these pathw ays. B rink , e t a l .  (1946) found that the addition of 

NaAz to calcium deficient nerves abolishes spontaneous activ ity  as well as 

preventing the increased  oxygen consumption which occurs during calcium 

deficiency. They therefo re  concluded that an in c reased  metabolic ra te  as 

well as c e rta in  chemical changes a re  n ecessa ry  fo r the in itiation  of spon­

taneous d isch arg e . Spontaneous d ischarge in frog  nerve is  a lso  very 

sensitive to changes in tem p era tu re , having a  tem perature optimum of 24°C 

(A ltura, ,et_aU , 1967). This supports the hypothesis that metabolic changes 

may be d irec tly  involved in the occurrence  of spontaneous d isch arg e . It 

is  possible  that metabolism is  more involved in  excitatory  p ro cesses  than 

is  generally  apprecia ted .



SUMMARY

1. S elective antagonists of calcium -free spontaneous discharge 

w ere studied in the desheathed frog  scia tic  nerve to c larify  the ro le  of 

calcium in stab ilizing  the nerve and the c h a rac te ris tic s  of the calcium 

binding s ite s  involved. The effects of these agents on the action poten­

tia l amplitude, dem arcation po ten tia l, calcium -45 efflux and ATP content 

of nerves w ere examined.

2. Divalent cations te sted  antagonize spontaneous d ischarge in  the 

following o rd e r: Ca > Mn > Co > Ni> Zn>Mg, S r .  Cations tha t w ere the 

most effective antagonists have ionic ra d ii most slim iar to tha t of calcium 

and also  have g re a te r  binding constants fo r oxygen, nitrogen and su lfur 

s i te s .  Demarcation potential stud ies indicated that cations which antagon­

ized  spontaneous d ischarge also  repo larized  the calcium deficient ne rv e . 

Calcium-45 efflux data indicated that the b est calcium re le a s e rs  w ere not 

the most effective antagonists of spontaneous d isch arg e . The lack of co r­

re la tio n  between these two param eters is  d iscu ssed . Calcium deficiency 

also  decreased  the ATP content of n e rv e s . This is  most probably re la ted  

to an action on nerve metabolism. The decrease  is  not prevented by di­

valent cations which a re  good antagonists of spontaneous d isch arg e .

5. Low pH antagonized spontaneous activ ity  before the evoked spike 

was affected . The pKa of the acidic group involved was between 4 .5 -5 .5 . 

Low pH did not re le a se  calcium from the n e rv e . Antagonism of spontaneous
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d ischarge by hydrogen ions is  most likely due to binding of hydrogen ions 

to negative membrane site s  which normally bind calcium .

4 . TTX (lO- ^gm/ml) antagonized spontaneous discharge a t a confc 

centration  that had no effect on the spike height. This action is  explained 

by the inhibition by TTX of ea rly  tran s ien t c u rre n ts . Choline chloride 

R in g er1 s solution inhibited spontaneous activ ity  as  would be expected if 

sodium ions w ere carry in g  the c u rre n t.

5. Metabolic inh ib ito rs which selectively  antagonized spontaneous 

d ischarge w ere: DNP, KCN, NaAz, m -nitrophenol, FFDNB, FDNB, FNB. 

These agents probably did not act by depolarizing the nerve since only 

NaAz caused a  significant depo lariza tion . DNP, NaAz and FDNB de­

c reased  the ATP content in the nerves te s te d . These inhibitors most like­

ly act ind irec tly  on membrane s ite s  through metabolic effec ts . They may 

affect these s ite s  through the re le a se  of calcium o r the d ecrease  in  ATP 

content.
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